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ABSTRACT 
There are two known reaction sequences for the non-
oxidative segment of the pentose phosphate pathway in 
tissues. The first of these was proposed by Horecker et 
al . (1954) and is considered to be the only variant of the 
pathway operating in adipose tissue. This reaction seq-
uence is referred to as the F-type (fat cell) pathway or 
cycle. The second reaction sequence was originally pro-
posed by Williams and Clark (1971) and confirmed to operate 
in liver in vitro by Williams et al . (1978 a,b). This 
.reaction sequence is referred to as the L-type (liver) 
pathway or cycle. It has not been possible to r~ach an 
agreement regarding the quantitative role of the pentose 
phosphate pathway in liver due to the variability of a 
number of estimates . It is considered that this variability 
is due in large part to the use of theoretical expressions 
and experimental approaches for estimating the participa-
tion of the pathway based on the F-type reaction sequence 
and which are not valid for the L-type pathway or cycle. 
The investigations reported in this thesis are concerned 
with the estimation of the quantitative participation of 
the L-type pentose cycle in .hepatic tissues. The studies 
include liver tissues which are actively proliferating, i.e . 
foetal , regeneratin g and neoplastic hepatic tissues, as a 
test of the proposition that pentose pathway flux is 
related to cell growth and pro life ration. 
Investigations in vitro usin g enzyme preparations 
from normal adult, 17-18 day foetal, and 24h and 48h post-
operative re ge nerating livers and two transplantable 
,. 
111. 
Morris hepatomas (5123C and 7777) were performed to measure 
any alternations in the capacity for pentose pathway flux 
or regulation of flux in thes e tissues. Measurement of 
the maximum catalytic capacities of the conventional 
enzymes of the pathway showed that the only consistent 
alteration in the ' growth' tissues was an elevated activity 
of glucose 6-phosphate dehydrogenase. Measurements of the 
tissue concentrations of the intermediates of the pathway 
and analysis of the data in terms of mass action ratios 
showed that only the glucose 6-phosphate dehydrogenase 
catalyzed reaction is far removed from equilibrium in all 
tissues exami ned. Thus glucose 6-phosphate dehydrogenase 
is considered to be the major regulatory site controlling 
the flux of glucose carbon through the pentose pathway. 
The metabolism of ribose 5-phosphate by enzyme 
preparations was studied in detail over a 2h time-course. 
The rate of ribose 5-phosphate dissimilation and of hexose 
6-phosphate formation showed no growth-related or 
malignancy-linked trends. It is considered that the 
capacity of the enzymes from all tissues for the metabolism 
of ribose S-phospl1ate is not significantly altered in 
' growth ' tissues. Carbon balance studies following the 
time-course of ribose 5-phosphate metabolism revealed that 
as much as 10-20 % of the substrate carbon could not be 
accounted for in the intermediates of the F-type pentose 
pathway. This data suggests that the "missing" carbon may 
be found in the intermediates of the L-type pentose pathway 
as was the case for normal adult liver (Williams et al., 
1978b). 
The metabolism of D- glycero -D-i do -octulose 1,8 
iv. 
bisphosphate and the rate of hexose 6-phosphate formation 
from this substrate plus aZtro-heptulose 7-phosphate were 
iDvestigated. D-glycero-D-i do -octulose 1,8 bisphosphate 
is consldered to be a diagnostic substrate marker for the 
operation of the L-type pentose pathway in tissues. Enzyme 
preparations from all tissues examined ~ere capable of 
utilizing these substrates for the formation of hexose 6-
phosphate. 
. 14 14 The metabolism of [1- CJ and [6- CJ glucose by 
isolated cells from normal liver, 24h regenerating liver, 
and hepatoma 5123TC cells was studied by examining the 
rate of incorporation of 14 c-isotope into CO 2 , lipid, 
nucleic acids and protein. The interpretation of these 
results is limited because of the difference in glycogen 
content of these cells and the activity of 14 c-exchange 
reactions. The fate of 14 c in the hepatoma cells indicates 
a decreased activity of the tricarboxylic acid cycle, 
increased glycolytic flux and a redirection of glucose car-
bon into lipid, nucleic acid and protein synthesis rela-
tive to normal liver. The metabolism of 14 c-labelled 
glucose by 24h regenerating liver cells shows that there is 
an increased rate of glucose conversion to nucleic acids 
relative to normal liver but no alteration in lipid syn-
thesis from glucose . There is also a decrease in the rate 
of protein synthesis. Analysis of the relative incorpora-
tion of 14 c into cell products from [1- 14 cJ glucose com-
pared to [6- 14 c] g lucose indicates that there is littl e 
change or at most only a moderate increase in the flux of 
carbon through the oxidative segment of the pentose pathway 
in regenerating liver compared with normal liver. The 
v. 
incorporation of 14c from [1- 14 cJ and [6- 14 cJ glucose into 
nucleic acids is considered to reflect extensive operation 
of 14 c-exchange reactions in all cell types examined. 
The quantitative participation of the pentose path-
way to the metabolism of glucose by these tissues cannot 
be assessed based on studies using [1- 14 c] and [6- 14 cJ 
glucose. A new theoretical approach for assessing the 
quantitative participation of the L-type pentose cycle is 
derived. This approach is based on the unique redistribu-
tion of 14 c in the carbon atoms of glucose 6-phosphate 
following the metabolism of [5- 14 cJ glucose by the L-type 
reaction sequence. Experimentally the estimate involves 
the application of [5- 14 cJ and [2- 14 c] glucose to the test 
tissue followed by the isolation and degradation of glucose 
6-phosphate to determine the relative distribution of 14 c 
in each of the 6 carbon atoms. 
Analysis of the 14 c distribution in the carbon 
atoms of glucose 6-phosphate following the metabolism of 
14 14 14 . [2- CJ, [5- CJ and [4,5,6- CJ g lucose by isolated cells 
from normal liver confirmed the operation of the L-type 
pentose cycle in intact liver cells and also confirmed a 
number of the assumptions involved in the derivation of 
expressions for estimatin~ the L-type pentose cycle. The 
quantitative contribution of the L-type cycle in normal 
hepatocytes is calculated to be 22-30 % of total glucose 
metabolism. Application of this experimental approach to 
cells isolated from 24h regenerating liver gave similar 
qualitative results but sho,ved that only 11 % of total glu-
cose metabolism is via the L-type pentose cycle. The iso-
tope distribution in the carbon atoms of glucose 
Vl. 
6-phosphate isolated from 5123TC cells following the meta-
bolism of [s- 14 c] glucose yielded a similar result to that 
fqr normal liver cells, however the distribution following 
[2- 14 cJ glucose metabolism indicated extensive operation 
of particular 14 c-isotope exchange reactions and the con-
tribution of the L-type pentose cycle in these cells cannot 
be estimated. 
The results of these studies demonstrate that the 
L-type pentose cycle is the major variant of the pathway 
in all hepatic tissues examined. The proposed correlation 
between cellular proliferation and increased pentose path-
way flux is not confirmed. It is considered that selective 
activation of the pentose phosphate pathway is not a 
necessary prerequisit for cell growth and proliferation. 
Vll . 
NOMENCLATURE AND ABBREVIATIONS 
1 . Trivial names f or sugars and sugar phosphates have 
been used when there is no possibility of ambiguity. 
In all other instances systematic names have been 
employed in accordance with the IUPAC-IUB Commission 
" Tentative Rules for Carbohydrate Nomenclature" 
Biochem J . (1971) 125, 673 . 
2 . All sugars and sugar phosphates have the D configur-
ation . All keto sugars are 2-keto sugars. 
3 . The term "exchange reaction" implies exchange between 
labelled and unlabelled moieties of sugar phosphate 
molecules in the absence of any net synthesis. 
4 . Abbreviations in the text, tables and figures conform 
wherever possible to t11ose of The BiochemicaJ Journal. 
The following abbreviations have been used: 
Tri-P 
anthrone 
orcinol 
-P 
SEM 
glyceraldehyde 3-P plus 
dihydroxyacetone-P 
9,10-dihydro-9-oxoanthracene 
3,5-dihydroxytoluene 
phosphate 
standard error of mean 
EC 
C-1 .. .. C-6 
2C, 3C 
µCi 
µl 
PC 
K. 
i 
d . p . m. 
o . p . m. 
M 
mg 
nmoles 
w/v 
g 
viii . 
Enzyme Commission 
e . g. carbon atoms 1 to 6 of 
glucose 6-P 
two carbon and a three carbon 
unit 
micro curie (2.22 X 10 6 d.p.m.) 
micro litre 
pentose cycle 
dissociation constant of 
inhibitor enzyme complex 
disintegrations per min. 
oscillations per min. 
molarity 
milligram 
nanomoles 
weight for volume 
gravity 
lX. 
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CHAPTER 1 
INTRODUCTION 
1.1 The pentose phosphate pathway and its role in 
metabolism 
The pentose phosphate pathway or hexose monophos-
phate shunt comprises reaction sequences which are of major 
importance in all living organisms. The pathway. consists 
of two parts; an oxidative segment in which glucose 6-
phosphate is oxidatively decarboxylatcd to form ribulose 
5-phosphate via 6-phosphogluconate (Horecker et al. 1951), 
and a non-oxidative segment, in which pentose 5-phosphates 
are transformed to hexose 6-phosphates and triose-phosphate. 
In the oxidative segment of the pathway, which is essen-
tially irreversible, 1.0 mol of glucose 6-phosphate is con-
verted to 1.0 mol of ribulose 5-phosphate with the 
production of 1.0 mol of CO 2 and 2.0 mol of NADPH (reac tions 
1.1 and 1. 3) . The ribulose 5-phosphate is converted to 
ribose 5-phosphate and xylulose 5-phosphate by specific 
isomerase and epimerase enzymes respectively yielding a 
pool of pentose 5-phosphate. The pentose 5-phosphate has 
two alternative fates · 
' 
(i) as ribose 5-phosphate it may be 
utilized via phosphoribosylpyrophosphate for nucleotide 
and nucleic acid synthesis or (ii) it may proceed through 
a series of reactions involving 3C, 4C, 7C, and in liver SC 
sugar phosphates to be converted to triose-phosphate and 
hexose 6-phosphates. Hexos e 6-phosphates are knoHn to be 
products 0£ ribose metabolism in extracts of a number of 
plant and animal tissues and micro-organisms, e.g. 
2 . 
erythrocytes (Dische, 1938), liver (Schlenk and Waldvogel, 
1946), spinach and peas (Axelrod e t al ., 1953), Esc h e richi a 
co.li (Racker, 1948) and yeast (Sable, 1952). The series 
of reactions leading to the formation of hexose 6-phosphates 
is referred to as the non-oxidative segment of the pentose 
pathway . The concerted action of the oxidative and non-
oxidative segments of the pathway result in metabolism which 
may be represented as : Glucose 6-P -'\ Pentose 5-P 
Glucose 6-P, and therefore constitute a cycle, hence the 
term pentose phosph&te cycle. 
Two main functions of the pathway or cycle are well 
recognized, these are : (i) the synthesis of 3C, 4C, SC, 
7C and SC sugar phosphate intermediates and (ii) the gener-
ation of reduced NADP. The 3C sugar phosphates (glyceralde-
hyde 3-phosphate and dihydroxyacetone phosphate) formed via 
the pentose pathway may be used for carbohydrate synthesis 
as 1n the case of the carbon reduction cycle (Racker, 1957), 
or be metabolized -in the lower half of the glycolytic 
pathway and the tricarboxylic acid cycle to yield ATP and 
by-pass the energy-requiring and regulatory enzyme 
phosphofructokinase (EC 2 . 7 .1.11). Erythrose 4-phosphate 
is used for the synthesis of aromatic amino acids vi a 
shikimic acid ( Neish, 1960) in bacteria and some plants. 
The pentose 5-phosphatc may b e utili zed for th e synthesis 
of nucleic acids, purine, pyrimidine, flavin and nicotina-
mide coenzymes (Cohen , 1947) and ribulose 1,5 bisphosphate, 
the CO 2 acceptor in photosynthesis. NADPH represents the 
form of metabolic hydro gen required for synthetic and 
growth processes. The metabolic importance of NADPH is 
illustrated by the variety and number of reductive 
3 . 
reactions which are NADPH-sp~cific as shown in Table 1.1. 
Of the six known reactions for the production of NADPH in 
t~e cell [reactions catalyzed by glucose 6-phosphate 
dehydrogenase (EC 1.1.1. 49), 6-phosphogluconate dehydrog-
enase (EC 1.1.1.44), malate dehydrogenase (decarboxylating) 
(NADP) (EC 1.1.1.40), cytoplasmic isocitrate dehydrogenase 
(EC 1.1.1.42), cytoplasmic transhydrogenase and the energy 
linked mitochondrial transhydrogenase], the reactions of 
the oxidative segment of the pentose pathway are of consid-
erable importance and may be quantitatively the most 
significant. The involvement for example of the reactions 
of the oxidative segment of the pentose pathway in hepatic 
fatty acid synthesis has been inferred from the work of 
Eger-Neufeldt et al . (1965) and Taketa and Pogell (1966) 
where the synthesis o f long chain fatty acyl-SCoA's has 
been demonstrated to be regulated by "feedback" inhibitory 
processes at acetyl-SCoA carboxylase (EC 6.4.1.2) and 
glucose 6-:phosphate dehydrogenase (Williams e t al. 1974b). 
It is generally held that the pentose phosphate 
pathway is a biosynthetic or anabolic pathway of glucose 
metabolism in tissues and that its major physiological role 
is the provision of NADPH for reductive biosynthesis and 
of pentose 5-phosphate for nucleic acid and nucleotide 
synthesis. Ho,vever, analysis of the activity of the pentose 
cycle in growing cells has failed to establish any 
relationship between cell growth and division and the 
pentose cycle (Katz and Rognstadt, 1967). Recently an 
alternative rnechanis1n for the non-oxidative segment of the 
pentose pathway in liver has been proposed (Williams et al., 
1978 a,b; see also section 1.2.2). As a consequence of 
4 . 
this discovery , it was considered pertinent to re-examine 
the activity of the pentose cycle in relation to hepatic 
tissue growth . It is this general consideration which has 
determined the direction of the work described in this 
thesis . Because the experimental work and the interpre-
tation of results discussed here rests heavily on a 
particular view of the sequence of reactions comprising 
the pentose cycle in liver, the historical background of the 
pathway is treated in detail in the following section. 
T a b l e  1 . 1  
R e d u c t i v e  b i o s y n t h e s e s  i n  t h e  m a m m a l  w h i c h  a r e  N A D P H - s p e c i f i c  ( f r o m  W i l l i a m s  a n d  C l a r k ,  1 9 7 1 )  
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O n  p a t h w a y  l e a d i n g  t o  
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B  
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1.2 Historical deve·lopment of the pentose phosphate 
pathway 
l. _2 .1 The oxidative segment of the pentose pathway 
Ev idence for the existance of an alternative route 
for the breakdown of glucose other th an the Imbden-Meycrhof 
pathway was first provided by Warburg and Christian (19 31, 
1937) and Warburg et al . (1935) who showed that glucose 
6-phosphate was oxidized to 6-phosphogluconolactone 
(reaction 1.1) and that the 6-phosphogluconate formed by 
the hydration of the lactone (reaction 1.2) was oxidatively 
decarboxylated to form a pentose 5-phosphate later identi-
fied as ribulose 5-phosphate (reaction 1.3). 
+ Glucose 6-phosphate + NADP ~ 6-phosphogluconolactone 
+ NADPH + H + 
6-phosphogluconolactone + H2o---) 6-phosphogluconic 
acid 
+ 6-phosphogluconic acid + NADP ~ CO 2 + ribulose 
5-phosphate + 
NADPH + H+ 
( 1. 1) 
( 1 . 2) 
( 1 . 3) 
Lipman (1936) found that an extract of yeast con-
tinued to respire in the presence of bromoacetate, although 
fermentation is blocked by this substance. This observa-
tion was contrary to the concept that respiration 
necessarily follo1ved a preceding anaerobic glycolysis , and 
added further evidence for the presence of an alternative 
path of metabolism from glucose 6-phosphate . Reactions 1.1 
and 1.3 were distinguished in this early stage of the 
history of metabolic path,vays by the demonstration of an 
absolute requirement for NADP, a coenzyme different to that 
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required for oxidation in glycolysis. From the time of its 
discovery, NADP was considered to be the coenzyme of res-
piration and it was this proposed function of NADP which 
led to an intensive investigation of glucose 6-phosphate 
oxidation. Although the role of NADP in respiration was 
soon abandoned following the demonstration by Lehninger 
(1951) that the coenzyn1e of oxidative phosphorylation was 
NAD, the interest of a number of investigators in the oxi-
dative decarboxylation of glucose 6-pl1osphate was firmly 
established including that of Horecker and co-workers who 
were to be instrumental in elucidating the mechanism of the 
pentose phosphate pathway. 
Reactions 1.1 and 1.3 are catalyzed by the enzymes 
glucose 6-phosphate dehydrogenase and 6-phosphogluconate 
dehydrogenase respectively. These enzymes were shown to 
be widely distributed in mammalian tissues (Dickens and 
Glock, 1950, 1951; Horecker and Smyrniotis, 1951), in a 
variety of lower plants and animals (Cohen , 1950) and also 
in higher plants (Conn and Vennesland, 1951; Gibbs, 1952). 
Glock and McLean (1953) established the first satisfactory 
procedures for measuring the maximum catalytic capacity of 
these proteins and reported a number of kinetic parameters 
of the enzymes. It is generally agreed that glucose 6-
phosphate dehydrogenase is the re gulatory enzyme of the 
oxidative segment of the pentose patl1way and that regulation 
is achieved by adaptive chan ges in active enzyme concentra-
tion and by 'fine' control of enzyme activity by regulatory 
effector molecules. The enzyme has been ~xtensively 
studied from a number of source·s and a review of its 
structural, catalytic and regulatory features has recently 
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appeared (Levy , 1979) . The adaptive control of glucose 
6-phosphate dehydrogenase is illustrated by the observation 
that the maximum catalytic capacity of this enzyme increases 
up to 10 fold in response to a diet containing excess carbo-
hydrate (Tepperman and Tepperman, 1958; Fitch et al., 
1959 ; Fitch and Chaikoff, 1960). A similar 10 fold change 
in the activity of this enzyme in mouse liver was reported 
. in response to dietary manipulation by Hizi and Yagil 
(1974) however these authors also reported that this large 
and reversible increase in activity did not involve the 
synthesis of any new enzyme protein. This observation 
indicates that mechanisms involving modulations of existing 
enzyme molecules may need to be considered for the adapt-
ation of this enzyme at least in mouse liver. By far the 
most important 'fine ' control of glucose 6-phosphate 
dehydrogenase activity is inhibition of the enzyme by NADPH 
(Negelein and Haas , 1935; Cahill et al., 1958; Gumaa and 
McLean , 1971). When the ratio of free NADPI-I to free NADP 
is greater than 8 , inhibition of the enzyme is almost com-
plete (Krebs and Eggleston , 1973) . . Since in rat liver in 
vivo the calculated ratio of free NJ\DPII to free NADP is of 
the order of 100 (Vee ch e t a l., 1969), the enzyme must be 
assumed to be almost completely inhibited in vivo, unless 
there are special mechanisms removing the inhibition. 
Krebs and Eggleston (1973) reported that oxidized glutath-
ione at physiological concentrations is able to counteract 
the inhibition of the enzyme by NADPH and also demonstrated 
the requirement for a highly unstable, unidentified co-
factor . Rodriguez-Segade e t al. (1979) have recently des-
cribe<l the isolation of a co-factor from rat liver, 
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apparently a protein of molecular weight 10,000 daltons, 
which with oxidized glutathione contributes to the de-
inhibition of glucose 6-phosphate dehydrogenase activity 
in the presence of NADPH. Thus the regulation of glucose 
carbon flux through the oxidative segment of the pentose 
phosphate pathway 1s very complex and involves both adaptive 
change·s in active protein concentration and regulation by a 
de-inhibition mechanism involving NADPII, glutathione and a 
protein factor . 
1 . 2 . 2 TJ1e non-oxidative segment of the pentose phosphate 
pathway 
The mechanism or sequence of reactions of the non-
oxidative segment of the pentose phosphate pathway has been 
the subject of extensive investi ga tion in this laboratory 
for th e past ten years and has resulted in the proposal and 
confirmation of two different reaction sequences in tissues. 
Since the investigations described in this thesis were 
designed in part to elucidate the mechanism of the pathway 
in various tissues, the evidence supporting the different 
mechanisms is discussed 1n some detail . 
The first demonstration of a non-oxidative mechanism 
for pentose 5-phosphate and hexose 6-phosphate interconver-
sion in metabolism came from the observation of Dickens 
(1938), that yeast extracts could ferment ribose to yield 
products similar to those derived from hexose fermentation. 
Dische (1938) also observed that erythrocyte enzymes could 
catalyze the conversion of ribose (from adenosine) to a 
mixture of hexos~ phospl1ate and triose phosphate. This 
observation gave rise to the belief that the pentose 
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underwent cleavage to a 2C and a 3C fragment, but 1n spite 
of an intensive search , the 2C fragment was never isolated. 
The belief was held that hexose phosphate was formed in 
t hese systems fr om the t riose phosphate via the concerted 
actions of triose phosphate isomerase (EC 5.3 . 1.1) , 
aldolase (IC 4 . 1 . 2 . 6) and fructose 1 , 6 bisphosphatasc 
(EC 3 . 1 . 3. 11) . Dische (1938) clearly showed however , that 
haemolysa t es, which produced hexose 6-phosphate from ribose 
5-phosphate , completely lacked fructose 1 , 6 bisphosphatase . 
The experiments of Dische (1951) and of Glock (1952) cast 
further doubt on the above mechanism when they demonstrated 
t hat more than 60% of the pentose · carbon was found in the 
h exose product , thus indicating that a portion of the hypo-
thetical 2C fragment was utilized for hexose 6-phosphate 
synthesis . The discovery of the transketolase reaction 
(Horecker and Smyrniotis , 1952) partly resolved this dilemma. 
This arose from the finding that a partially purified liver 
pieparation gave rise to altro heptulose 7-phosphate from 
ribose 5-phosphate . Racker e t al . (1953) reported that 
they had crystallized an enzyme from yeast of identical 
function which they called transketolase (EC 2.2.1 . 1) . This 
enzyme would transfer a 2C fragment from a ketopentose 
molecule , provided that an appropriate aldehyde acceptor 
molecule for the " active glycoaldehyde" was present. Ribose 
5-phosphate was an efficient acceptor substrate in the 
reaction and bound the 2C moiety to form altro heptulose 
7-phosphate . At that time the ketol donor was believed to 
be . ribulose 5-phosphate , but subsequently Srere et al. 
(1955) and Ilorecker et al . (1956) showed that it was in 
fac t xylulose 5-phosphate . Xylulose 5-phosphate is formed 
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from ribulose 5-phosphate by the enzyme ribulose 5-
phosphate 3-epimerase (EC 5.1.3.1). 
Transketolase has an absolute requirement for 
thy amine pyrophosphate for activity (Racker et al . , 195 3) 
an<l the enzyme exhibits a broad specificity with respect 
to donor and acceptor molecules (Racker, 1961). The. 
reaction catalyzed by transketolase is readily reversible 
(Horecker et al . 1953), however the glycoaldehyde moiety 
or 2C fragment is tightly bound to the enzyme via thyamine 
pyrophosphate and is never found "free" in solution 
(Kr amp it z et al . 19 61 ; I Io 1 t z er e t al . 19 6 2) . 
The altro heptulose 7-phosphate and glyceraldehyde 
3-phosphate formed by transketolase are substrates for 
transaldolase (EC 2.2.1.2) yielding a hexose 6-phospl1ate 
as one of the reaction products (Horecker and Smyrniotis, 
1953). This is achieved by transfer of a 3C dihydroxyace-
tone moiety from donor to aldo acceptor, thus forming fruc-
tose 6-phosphate and a tetrose-phosphate. The nature of 
the 4C aldo sugar was predicted with confidence to be 
erythrose 4-phosphate by inspection of the configuration 
of the parent heptulose donor. Synthetic erythrose 4-
phosphate was also found to be a substrate for transaldo-
lase as shown 1n reaction 1.4 (Kornberg and Racker, 1955). 
Erythrose 4-P + fructose 6-P___;::,. altro heptulose 7-P + 
glyceraldehyde 3-P (1.4) 
Having identified a set of enzymes, cofactors and 
intermediates ivhich established the non-oxidative segment 
of th e pentose phosphate pathway as a viable alternative 
pathway of glucose metabolism, it remained only to 
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establish the reaction sequence and the stoichiometry. The 
classical textbook mechanism of the non-oxidative segment 
of the pathway was based on the results of two experiments 
(Horecker et al . 1954; Gibbs and Horecker 1954). These 
exp e rime n t s in v o 1 v e d the _s e par a t e i n cub at i on o f [ 1 - 14 C J 
ribose 5-phosphate and [2,3- 14 cJ ribose 5-phosphate with 
buffered extracts of acetone dried powders prepared from 
rat liver, pea root and pea leaf tissues. The incubations 
were carried out for 16h and 17h with liver, 4h with pea 
root and lh and 2h 
ribose 5-phosphate 
phosphate with 74% 
for pea leaf. With liver the [1- 14 cJ 
14 ' gave rise to [1,3- CJ glucose 6-
of the 14 c in C-1 and 24% in C-3. The 
[2'3 - 14 c] .b 5 h h . ld d 1 6 h h ri ose -p osp ate yie e g ucose -p osp ate 
labelled as follows: 45 % in C-4 , 28 % in C-2, 20% in C-3 
and 7% in C-1. The isotope distribution pattern found in 
the glucose 6-phosphate isolated from the pea root incuba-
tion was essentially the same as that for liver while the 
shorter incubations with pea leaf were significantly 
different. 
It was considered that these distributions of 14 c 
isotope were explained by reactions sequentially catalyzed 
by ribose 5-phosphate isomerase (reaction 1. 5), ribulose 
5-phosphate 3-epimerase (reaction 1.6), followed by trans-
ketolase (reaction 1. 7) , transaldolase (reaction 1. 8) and 
transketolase (reaction 1. 9 - see fig . 1.1) (Horecker et 
al . 1954, Gibbs andHorecker 1954). In the case of [1- 14 cJ 
r i b o s e 5 - p hos p h ate the re a c t i on s e q u enc e o f F i g . 1 . 1 1v o u 1 d 
theoretically predict isotope incorporation into carbons 
one and three of glucose 6-phosphate in the ratio 2:1, 
whereas the experimentally determined value was 3: 1. With 
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these results as the sole evidence, this "tentative" pro-
po s a 1 be ca 111 e es· tab 1 is he cl as the accepted me ch an i s m of the 
non-oxidative segment of the pentose phosphate pathway. 
The carbon balance studies of Glock (1952) and the 
mechanistic studies of Horecker et al . (1954) have resulted 
in the proposal that the stoichiometry of the reactions of 
the non-o xidative segment of the pentose phosphate pathway 
required 3 mol of pentose 5-phosphate to form 2 mol of 
fructose 6-phosphate and one mol of glyceralcJchycle 3-
phosphate (reaction 1.10, Fig. 1.1). A pentose phosphate 
cycle for glucose metabolism ,vas defined by Wood and Katz 
(1958), such that fructose 6-phosphate formed in the reac-
tions of the non-oxidative segment was converted into glu-
cose 6-phosphat e by glucosephosphat~ isomerase (EC 5.3.1.9), 
and the resultin g stoichiometry for one turn of the cycle 
was: 
+ Glucose 6-P + 6 NADP \ 3C0 2 + glyceraldehyde 3-P + 
+ 6 NADPH + 6 H (1.11) 
The enzymatic reactions involved in thls pentose phosphate 
cycle are shown in Fig. 1. 2. On the basis of this mechan-
ism of the pentose cycle, Katz and Wood (1960) put forward 
an elaborate theory for quantitatively measuring the 
relative contribution of th e pentose cycle to the overall 
metabolism of gl ucose by tissues. A detailed analysis of 
this theoretical method is presented elsewhere (see Section 
1 . 3 ) ho \v eve r e s s en t i a 11 y the the o r y in v o 1 v e d a math em a t i ca 1 
evaluation of the ordered redistribution of either carbons 
~ or 3 of substrate glucose into positions 1,2 and 3 of 
glucose 6-phosphate. The model predicted randomization of 
2  [ i -
1 4
c ]  R i b o s e  5 - P  ~ - - - '  
2  [ 1 -
1 4
c J  R i b u l o s e  5 - P  
1 4  1 4  .  
[ 1 - c ]  X y l u l o s e  5 - P  +  [ 1 - c ]  r i b o s e  5 - P  
1 4  
· [ 1 , 3 - c ]  a l t r o  H e p t u l o s e  7 - P  +  G r a - P  
1 4  
[ 1 - c ]  X y l u l o s e  5 - P  +  e r y t h r o s e  4 - P  
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1 4
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2  [ 1 - c ]  x y l u l o s e  5 - P  
1 4  
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1 4  
[ 1 , 3 - c ]  f r u c t o s e  6 - P  +  e r y t h r o s e  4 - P  
1 4  
[ 1 - c ]  f r u c t o s e  6 - P  +  G r a - P  
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[ 1 - c ]  f r u c t o s e  6 - P  +  [ 1 , 3 - c ]  f r u c t o s e  6 - P  +  G r a - P  
F i g .  1 .  1  
S e r i e s  o f  r e a c t i o n s  p r o p o s e d  b y  H o r e c k e r  e t  a l .  ( 1 9 5 4 )  t o  e x p l a i n  t h e  d i s t r i b u t i o n  o f  
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c  
i n  g l u c o s e  6 - P  f o r m e d  f r o m  [ 1 -
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14 c from [2- 14 cJ glucose into positions 1 and 3 of glucose 
6-phosphatc via the reactions of the pentose cycle as shown 
in Fig. 1 . 2. Theoreti~ally such redistribution 1s the 
exclusive property of the pentose cycle and the degree of 
redistribution of radioactivity following the metabolism 
of [2- 14 cJ glucose measures the quantitative contribution 
of the cycle relative to total glucose metabolized. 
Williams (1966) and Williams et al . (1971) studied 
the metabolism of [2- 14 c] glucose and [1- 14 c] ribose in 
rabbit liver in vivo, in attempts to quantitatively measure 
the contribution of the pentose cycle to g lucose metabolism 
by the method of Katz and Wood (1960). The expected iso-
tope distribution in positions 1 and 3 of glucose 6-
phosphate did not occur, but instead C-2 and C-6 of glucose 
6-phosphate were heavily labelled. It was concluded that 
the isotope distribution patterns could not be reconciled 
with the carbon transferrin g mechanisms of any then known 
pathway of carbohydrate metabolism in animal tissue. The 
application of [2- 14 c] g lucose to the isolated perfused 
liver (Schofield et al . 19 70) yielded a similar result. 
The results of these studies caused Williams and co-workers 
to question the validity of the Katz and Wood (1960) treat-
ment and particularly to question the reaction scheme 
depicted 111 Fig. 1.2 in liver. This le<l to a reinvestiga-
tion of the definitive experiment of Ilorecker e t al. 
(1954). 
On repeating and extending the original Horecker 
et al . (1954) experiments, Williams and Clark (1971) found 
that the 14 c distribution patterns 1n glucose 6-phosphate 
formed by reactions of [1- 14 cJ ribose 5-phosphate with 
Fig. 1.2: Reaction sequence of the F-type pentose 
phosphate cycle 
The sequence of reactions comprising the pen-
tose phosphate pathway in adipose tissue as proposed by 
Horecker et al . (1954) is shown . The numbers to the left 
of the structural formulae of each of the intermediates 
represent tl1e carbon atoms of the substrate glucose . The 
enzymes involved in the cycle are: (A) glucose 6-phosphate 
dehydrogenase, (B) 6 phosphogluconate dehydrogenase , 
(C) ribose 5-phosphate isomerase, (D) ribulose 5-phosphate 
3-epimerase, (E) transaldolase, (F) transketolase, 
(G) glucosephosphate isomerase . 
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enzymes of rat liver were markedly different at early time 
periods from those seen after 17h of incubation (Table 1.2). 
Table 1. 2 
Carbon atom 
1 
2 
3 
4 
5 
6 
Recovery of 
label (%) 
d . . . 14 Percentage istribution of C in glucose 6-phosphate 
formed by reactions of ~- 14c J ribose 5-phosphate with 
enzymes of rat liver. (Williams and Clark, 1971). 
1 min 2 min 5 min 30 min 3h 8h 17h 
1.4 0 .7 1.3 1.2 28.5 40.5 56.5 
44.1 4 3. 8 13.0 11. 8 17.7 12.6 12.4 
1.1 0 .1 3. 3 1.1 10.5 16.5 24.4 
12.2 2 . 6 . 5. 1 7.1 5.5 4.0 2.0 
0.5 7.1 0.4 0.6 0 . 0 4.6 1.6 
40.7 45.7 76.9 78.2 37.8 21 . 8 3.1 
105 .1 100.8 106. 2 103. 4 96.9 98.7 100.5 
14 In early time samples, C Has mainly confined to C-2 and 
C-6, with C-1 and C-3 showing very little incorporation o·f 
label until the incubation had proceeded for 3h. This 
unique [2,6- 14 c] labelling pattern of glucose 6-phosphate 
coincides with that found in v ~v o followin g metabolism of 
[ 2 - 1 4 C J g 1 u co s e ( W i 11 i ams e t a l . , 1 9 7 1 ) . This isotope 
distribution cannot be reconciled with the series of reac-
tions shown in Fig. 1.2, as this reaction sequence 11ro-
hibits the labelling of any carbon other than C-1 and C-3. 
Williams and Clark (1971) concluded that the reaction 
sequence proposed by Horecker et al . (1954) did not occur 
in liver in viv o or i n vitro and proposed an alternative 
scheme (Fig. 1.3) for the non-oxidative se gment of the pen-
tose path,vay in liver ,vhich \vould account for the isotope 
distribution patterns found durin g the initial 3h incuba-
tion period . 
The scheme of Fi g . 1.3 has a number of distinguish-
ing features, including four additional intermediates 
(arabinose 5-phosphate, al tro -heptulose 1,7-bisphosphate, 
D-gl yce ro-D-i do -octulose 8-phosphate and D- g l yce ro-D-ido-
Fig. 1.3: Redistribution of the carbon atoms of glucose 
by the L-type pentose phosphate cycle 
The sequence of reactions comprising the pen-
tose phosphate cycle in liver as proposed by Williams et 
al. (1978b) is shown. The carbon atoms of the ori gi nal 
glucose are indicated to the left of the structural 
formulae of each of the intermediates and the numbers to 
the right of the triose phosphates represent the carbon 
atoms of that molecule. The enzymes involved in the cycle 
are indicated by the letters and are : (A) glucose 6-
phosphate dehydrogenase; (B) 6-phosphogluconate dehydrog-
enase; (C) ribose 5-phosphate isomerase; (D) ribulose 
5-phosphate 3 epimerase; (E) arabinose 5-phosphate 
ep1merase; (F) transketolase; (G) trio se phosphate 
1somerase; (EC 5.3 . 1.1); (I-I) aldolase ; (EC 4.1.2.13) 
(I) D-glycero-D-ido-octulose 1,8 bisphosphate : D-altro-
heptulose 7-phosphotransferase ; (J) glucosephosphate 
1somerase. 
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octulose 1 , 8-bisphosphate) and two new enzymes (arabinose 
5-phosphate 2-epimerase and phosphotransferase). The reac-
tipn sequence of Fig. 1.3 does not include a transaldolase-
catalysed reaction , but it preserves the stoichiometry of 
the pa t hway of Horecker et al. (1954) (Equation 1.10) . 
Following the proposal of the reaction sequence 
shown in Fig . 1. 3 (Williams and Clark, 1971), intensive 
investigations of ribose 5-phosphate metabolism by rat 
liver enzymes were undertaken. These studies included a 
re-evaluation of the rates of utilization and isotope re-
distribution of [1- 14 cJ ribose 5-phosphate into glucose 
6-phosphate , following incubation of the pentose phosphate 
with enzymes from rat liver (Williams et al., 1978a). The 
results of these experiments showed that, with [1- 14 cJ 
ribose 5-phosphate as substrate, the specific radioactivity 
of [14 c] glucose 6-phosphate formed increased to 1.9 fold 
the initial specific radioactivity of the substrate after 
3h of incubation and decreased thereafter to a value 
approximately equal to that of the substrate. · The specific 
radioactivity of the [14 c] ribose 5-phosphate decreased to 
approximately 50% of its initial value during the first 3h 
and thereafter remained unchan ged . These observations 
cannot be reconciled with th e sequence of reactions in Fig. 
1 . 2, however the decline in the specific radioactivity of 
ribose 5-phosphate can be explained by the reactions of 
Fig. 1 . 3 and an alternative transketolase-catalyzed reac-
tion ( W i 11 i ams et al . , 19 7 8b) . 
It is to be noted that the reaction scheme of Fig. 
1 . 3 was proposed on purely theoretical grounds and the only 
justification for such a scheme was its ability to explain 
1: 
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the heavy labelling of C-2 of gluc ose 6-phosphate from 
[1- 14 c] ribose 5-phosphate (Table 1.2). The possible role 
of octulose phosphates in the pathway was prompted by the 
report of Bartlett (1968) that these SC sugar phosphates 
are found in erythrocytes. On the basis of this theoretical 
pathway mechanism, experiments were designed to confirm the 
metabolic role of the 'new' intermediates in liver. Clark 
(1972) succeeded in synthesizing D-glyc e ro-D-ido-octulose 
1,8 bisphosphate using the aldolase catalyzed condensation 
of arabinose 5-phosphate with dihydroxyacetone phosphate 
and further demonstrated the formatio n of h exose 6-phosphate 
when this SC sugar phosphate was incubated with sedoheptulose 
7-phosphate and a rat liver enzyme preparation (Williams 
et al., 1978b). The formation of triose phosphates and 
hexose 6-phosphates by rat liver enzymes -from arabinose 5-
phosphate was also shown (Clark, 1972) and reported by 
Williams e t al . (1978b). The results of these experiments 
indicated that these two 'new' compounds could act as 
intermediates in the formation of hexose 6-phosphate from 
pentose 5-phosphate and piompted a detailed study of the 
intermediates formed from ribose 5-phosphate by rat liver 
enzymes. Prelimi nary carbon balance studies indicated that 
as much as 20 % of substrate carbon could not be accounted 
for when only the intermediates of the reaction sequence of 
Fig. 1.2 were measured (Blackmore, 1973) a_nd reported by 
Williams et al . (1978b). As a consequence of this observa-
tion, a chromatographic examination of all the intermediates 
formed in the conversion of ribose 5-phosphate to hexo~e 6-
phosphate was conducted. Five additional intermediates of 
pentose 5-phosphate metabolism in liver were detected, namely 
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D-manno-heptulose 7-phosphate, D-altro-heptulose 1,7-
bisphosphate, D-glycero-D-i do-oc tulose 1,8-bisphosphate, 
D-glycero-D-altro-octulose 1,8-bisphosphate and D-arabinose 
5-phosphate (Williams et al., 1978b). A re-evaluation of 
the carbon balance data, including the concentrations of 
the five new intermediates, revealed that more than 97% of 
the substrate carbon was accounted for at all times examin-
ed during the incubation period. In short, the complete 
analysis of the reactants, intermediates and products of 
ribose 5-phosphate metabolism by liver enzymes demonstrated 
the presence of those intermediates proposed by Williams 
and Clark (1971) and shown in Fig. 1.3. The intermediates, 
altro and ido octulose phosphates, altro heptulose 1,7 
bisphosphate and manno-heptulose 7-p hosphate have also been 
found and measured in fresh liver tissue (Paoletti et al ., 
1979a). 
The experimental findings briefly outlined above 
support the operation of a new form of the pentose cycle as 
illustrated in Fig. 1.3 in liver tissue. Preliminary 
evidence also suggests that the reaction scheme in Fig. 1.3 
operates in heart and other tissues. This reaction sequence 
will: (1) account for the various distributions of 14 c 
in glucose 6-phosphate from [l- 14 cJ ribose 5-phosphate; 
(2) account for the failure to measure by the method of 
Katz and Wood (1960) a quantitatively significant contribu-
tion of the pentose phosphate pathway to liver metabolism, 
in spite of the presence of high activities of the enzymes 
conventionally assigned to the pathway (Novello and McLean, 
1968) and (3) afford a more reasoned and satisfactory 
explanation of the anomalous 14C-labelling patterns found 
2 2 . 
by Williams et al. (1971) in hexose 6-phosphates after 
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metabolism of [2- CJ glucose and [1- CJ ribose in liver 
in situ . 
1 . 2 . 3 The current status of the pentose phosphate cycle 
liver and other tissues . 
At least two reaction sequences for the pentose 
. in 
phosphate cycle of glucose metabolism are found in tissues. 
The first of these, shown in Fig . 1.2 , is the classical 
pathway which has been detailed in textbooks of biochemistry 
since 1956 . The reaction sequence of Fig. 1.2 is hereafter 
referred to as the fat cell or F-type pathway since it has 
been established that this mechanism exclusively operates 
in rat epididymal fat tissue (Williams et al ., 1974b). The 
second reaction sequence was found in liver (Williams et al., 
1978a , b) and its existance in photosynthetic tissue was 
proposed by Clark et al. (1974) . This reaction sequence, 
(Fig . 1 . 3) , is referred to as the L - type ( 1 iv er) pent o s e 
phosphate cycle . The reactions of both the F-type and L-
type pathways have the same overall stoichiometry which is 
that of equation 1.11. As previously discussed (Section 
1.2.1), the enzymes of the pentose path\vay are \videly dis-
tributed in mammalian tissues. The contribution of the 
pentose path\vay to glucose metabolism is considered to be 
very large· in lactating mammary g land (McLean 1960), lung 
(O ' Neil and Tierney 1974) and activated macrophages (Rossi 
et al . , 1972) however it is not known \vhich pathway mechan-
ism operates in these tissues. This is more than an 
academic point since methods commonly employed for estimat-
ing the quantitative parti~ipation of the pentose cycle to 
2 3. 
the total metabolism of glucose by tissues are dependent 
upon the pathway reaction sequence. This issue is treated 
in the following section. 
1.3 
1.3.1 
Quantitative measurements of the pentose cycle 1n 
liver . and other tissues 
The method of Katz and Wood (1960) 
A number of sophisticated methods have been develop- · 
ed for estimating the quantitative contributibn of the F-
type pentose cycle to glucose metabolism in tissues (Wood 
and Katz, 1958; Katz and Wood, 1960; Wood et al ., 1963; 
Katz and Wood, 1963; Landau et al., 1964; Landau and 
Katz, 1965; Katz and Ro gnstad, 1967; Landau and Bartsch, 
1966; Katz and Wals, 1972). The quintessence of all the 
above methods involved the application of mathematical 
expression/s describing the rhythmical and ordered redistri-
bution of either carbons 2 or 3 of substrate glucose into 
positions 1,2 and 3 of glucose 6-phospl1ate. More specific-
ally, the method of Katz and Wood (1960) involves the 
. 14 14 
application of either [2- CJ or [3- CJ glucose to the test 
tissue and, after attainment of isotopic steady state 
be twe.en the f rue tos e 6 -phosphate generated from the non -
oxidative segment of the pathway and the pools of fructose 
6-phosphate and g lucose 6-phosphate (Landau et al ., 1964), 
either g lucose 6-phosphate or fructose 6-phosphate should 
be isolated and the specific radioactivities of C-1, C-2 
and C-3 determined. From the ratios of the specific radio-
activity of C-1/C-2 or C-3/C-2, an estimate of the relative 
contribution of the pentose phosphate cycle to glucose 
metabolism can be calculated (Katz and Wood, 1960; Wood 
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et al ., 1963; Landau and Katz, 1965). A detailed treatment 
of the mathematical procedure of the metho<l of Katz and 
WQod (1960) is given by Williams and Clark (1971) and is 
discussed with alterations in Chapter 5 of this thesis . 
The theoretical treatment of Katz and Wood is based 
upon a simplified model of glucose metabolism and of 
neces~ity has a number of limitations . Briefly the limi-
tations are : 
(i) That the pento,se phosphate cycle 1s complete 
and is entirely described by the reactions 
shown in Fig. 1.2. 
(ii) The system is 1n metabolic and isotopic steady 
state (Landau et al . , 1964). The definition 
of isotopic steady state also applies to 
conditions under which the specific radio-
activity is constant or is changing, e.g. after 
a single isotope injection in V&VO. 
(iii) The specific radioactivities of glucose 6-
phosphate and fructose 6-phosphate · should be 
the same, i.e . the activity of g lucose phos-
phate isomerase should be high and the 
isomerization rate rapid. 
(iv) There is no randomization of the carbon atoms 
of hexose 6-phosphate by reactions other than 
those of the F-type pentose phosphate cycle. 
Examples of such randomizin g reactions are the 
transketolase exchange reaction (Clark et al., 
1971), the transaldolase exchange reaction 
(Ljungdahl et al. , 196 1) and a coupled trans-
ketolase-transaldolase exchange reaction (Wood 
and Katz; 1958). 
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(v) There is no synthesis of hexose or hexose 
derivatives by reversal of the Embden-Meyerhof 
pathway, thus causing dilution of the specific 
radioactivity of the substrate glucose by 
reactions other than the pentose cycle. 
(vi) The net equation of the pentose cycle shows the 
synthesis of one molecule of glyceraldehyde 
3-phosphate which is derived from C-4, C-5 and 
C-6 of the original glucose substrate. There 
are two molecules formed in the pentose cycle, 
one of which is converted to fructose 6-
phosphate by transaldolase (reaction 1.8) and 
is recycled, hence it is possible that the 
glyceraldehyde 3-phosphate will equilibrate 
with the triose phosphate of the Embden-Meyerhof 
pathway. Thus triose phosphate, containing 
14 C from C-1, C-2 and C-3 of substrate glucose, 
may be introduced into C-4, C-5 and C-6 of 
fructose 6-phosphate. It is not possible, 
using radioisotope methods to distinguish this 
effect from that of the transaldolase exchange 
reaction mentioned above (iv). 
Although these limitations may act to interfere with 
the clear interpretation of data, the method of Katz and 
Wood (1960) remains the leci st qualified approach to the pro-
blem of estimating the quantitative participation of the 
F-type pentose cycle. It is important to emphasize that the 
method of Kat z and Wood (1960) will not allow for estimation 
of the L-type pentose cycle since the carbon redistributiohs 
of this pathway are more complex. 
' I 
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A brief summary of the methods for estimating the 
quantitative participation of the pentose cycle to 
glucose metabolism 
Although the method of Katz and Wood (1960) remains 
the most acceptable app-roach for estimating the activity of 
the F-type pentose cycle, experimentally it is cumbersome 
and time-consuming since it involves the isolation of 
glucose 6-phosphate and its carbon by carbon degradation. 
Consequently a number of alternative and experimentally more 
simple approaches have been proposed. These methods are 
discussed below in terms of their applicability to measure-
ment of the L-type pentose cycle. 
Experimentally the most convenient method for esti-
mating the quantitative contribution of the p e ntose cycle 
to glucose metabolism involves the use of [1- 14 cJ and 
14 [6- CJ glucose and the measurement of the specific yield 
of 14 C-isotope in CO 2 (Katz and Wood, 1963). The theoret-
ical basis of this method depends on the assumption that 
[1- 14 cJ glucose will be metabolized via the oxidative seg-
ment of the pentose cycle to yield 14 co 2 and unlabelled 
14 pentose 5-phosphate . The metabolism of [6- CJ glucose v ~a 
the pentose cycle, however, will not yield 14 co 2 and the 
pentose 5-phosphate will be isotopically labelled. Further, 
14 14 14 both [1- CJ and [6- CJ glucose will yield [3- CJ triose 
phosphate vi a the glycolytic path,vay (assuming isotopic 
equilibration of glyceraldehyde 3-phosphate and dihydroxy-
acetone phosphate) and thus will produce 14 co 2 in equivalent 
amounts via the tricarboxylic acid cycle . Thus in a tissue 
14 
with an active pentose pathway, [1- CJ glucose should pro-
. 14 14 duce a greater yield of CO 2 than [6- CJ glucose. Katz 
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and Wood (1963) derived the following expression for calcu-
lating the percentage contribution of the F-type pentose 
cycle to the metabolism of glucose . 
s 
= 3 _ 2S x 100; (El.l) 
The terms of c1co 2 and c6co 2 represent the specific yield of 
14
co from [l- 14 cJ d [6 14 c] 1 . 1 Th 2 an - g ucose respective y. e 
specific yield is defined as the amount of 14 c-isotope 
recovered in CO 2 as a fraction of the utilized glucose . The 
authors emphasized the necessity to measure specific yields 
rather than the more usual "ratios" data. 
involve the determination of the ratio of 
[l - 14 cJ and [6 14 cJ 1 - g ucose. It is known 
C-1/C-6 ratios 
14
c in co 2 from 
that the C-1/C-6 
ratio depends on three independent variables, (i) the per-
centage of glucose metabolized by the glycolytic pathway, 
(ii) the percentage of glucose metabolized via the pentose 
pathway and (iii) the extent of oxidation of C-3 of triose 
phosphate (Wood and Katz, 1958; Katz, 1961). Thus a par-
ticular ratio may correspond to numerous combinations of 
metabolic pathways. C-1/C-6 ratio data are at best a useful 
qualitative index of pentose pathway activity. They have 
no role 1n the quantitation of the pathway. 
In specific yield measurements, the c6co 2 is a 
measure of the extent of the oxidation of carbon 3 of triose 
phosphate and tltus the advantageous feature of El.l is that 
it only involves 2 variables, namely the contribution of 
the pentose cycle and the Embden-iieyerhof pathHay. The 
equation also specifies that these two pathways must operate 
exclusively (i . e . there is no other pathway of glucose 
r 
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dissimilation). If in addition glucose is metabolized by 
nontriose pathways , the estimation of the F-type pentose 
cy~le from specific yields in CO 2 cannot be made unless an 
independent determination of one of the pathways is perform-
ed . Thus the application of El.l when nontriose pathways 
are operating will result in a maximum estimate of the per-
centage contribution of the F-type pentose cycle. The 
effect of recycling of pentose 5-phosphate to hexose 6-
phosphate has also been considered in the derivation of 
El . l. This is necessary since there is dilution of 14 c in 
the hexose 6-phosphate formed from [1- 14 cJ glucose via the 
pentose cycle but a similar dilution does not occur with 
14 [6- CJ glucose (Katz and Wood, 1963). 
Expression 1.1 is based entirely on a model of 
glucose metabolism in which the pentose cycle of Fig. 1.2 
is the only reaction sequence which can direct carbons 1,2 
and 3 of. glucose into C-1 of glucose 6-phosphate where it 
is released as CO 2 in direct proportion to the contribution 
of that cycle to glucose metabolism. A corollary of this 
condition is that carbons 4,5 and 6 of glucose never enter 
carbon 1 of glucose 6-phospl1ate. The L-type pentose cycle 
reactions do admit C-6 of glucose into position 1 of g lucose 
6-phosphate . Thus expression 1.1 cannot be used to measure 
the pentose cycle in liver and those other tissues where 
the reactions depicted in Fig. 1.3 operate. 
The basic assumption in the derivation of El.l 
involves the condition that the term G6co 2 represents the 
extent of oxidation of C-3 of triose phosphate, however the 
L-type pentose cycle re s ults in [l- 14 c] glucose 6-phosphate 
formation from [6- 14 c] g lucose (see Fig. 1.3) hence 14 co 2 
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will be formed from [6- 14 cJ glucose the oxidative 
segment of the pentose cycle and G6co 2 will not represent 
C-.3 oxidation via the tricarboxylic acid cycle in liver. 
The same argument applies to the isotope dilution effect in 
hexose 6-phosphate since El . l was derived on the assumption 
that C-6 of glucose could not yield 14 co 2 via the pentose 
cycle and therefore all hexose 6-phosphate reformed by re-
cycling is labelled with 14 c-isotope. This assumption is 
not valid for any hexose 6-phosphate which has passed 
through more than one turn of the L-type pentose pathway 
mechanism . 
An alternative method for measuring the contribution 
of the F-type pentose cycle involves the yield of 14 c-
isotope in triose phosphate derivatives such as lactate, 
glycerol or lipid following the metabolism of [1- 14 cJ and 
[6- 14 cJ glucose. The theoretical basis of this method 
14 relies on the assumption that metabolism of [6- CJ g lucose 
will yield 14c-labelled triose phosphate v~a both the gly-
colytic and pentose pathways whereas [1- 14c] glucose will 
yield 14 c-labelled triose phospl1ate via the g lycolytic 
h h h . f 14c . . . pat way only. T us t e ratio o - -isotope 1n tr1ose-
phosphate derivatives from [6- 14 cJ glucose relative to 
14 · [1- CJ glucose should be grea t er than 1 in a tissue with 
an active p~ntose cycle. The percentage contribution of 
the pentose cycle and the Embden-Meyerhof pathway can be 
determined from El. 2 and El. 3 (Katz et al ., 1966). 
%PC= 1 - 8 1 + 28' 
S ' %PC= ---
3 - 2S ' ' 
where y = [1-14c] [6-14c] 
where S ' 
glucose into triose derivative 
glucose into triose derivative 
J 
(El . 2) 
(El . 3) 
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The two expressions (El.2 and El.3) differ in that expres-
sion El . 2 is not valid in the absence of isotopic equilib-
ration of triose phosphates and does not require a measure-
ment of glucose utilization whereas El.3 does not involve the 
assumption of isotopic equilibration but requires a 
measurement of glucose utilization for calculation of the 
G1co 2 and G6co 2 terms. It is of note that neither of these 
expre·ssions provides for metabolism of glucose by nontriose 
phosphate pathways (i . e . synthesis of glycogen, nucleic 
acids etc .). Furthermore, neither of these expressions will 
measure the contribution of the L-type pentose cycle since 
h 1 t . ht [6- 14 cJ 1 f 14 c t e centra assump ion ta g ucose orms -
labelled triose phosphate via the pentose cycle is untrue 
for this reaction sequence. The product triose phosphate 
of the L-type pentose cycle consists of carbon atoms 2,3 
and 2 of the original substrate glucose (Fi g. 1.3) and 
therefore will be unlabelled when [6- 14 cJ glucose . is sub-
strate. It is noted that two molecules of triose phosphate 
are formed by the non-oxidative segment of the L-type pen-
tose pathway, one of which consists of carbon atoms 4,5 and 
6 of substrate g lucose and is used for the resynthesis of 
hexose 6-phosphate. Equilibration of these two pools of 
triose-phosphate will result in 14c-labelled triose-phosphate 
derivatives from [6- 14 c] glucose via the L-type pentose 
cycle, however even with total equilibration of the two 
1 1 f 14 c · · · h 1 f d poo s t e amount o -isotope in triose p osp ate orme 
via the L-type pentose cycle will be only~ of that formed 
by the F-type pathway . 
The three expressions discussed above represent the 
most commonly employed experimental approaches for measuring 
' I 
31 . 
the contribution of the F-type pentose cycle to glucose 
metabolism. It is clear that none of these methods will 
allow an accurate estimate of the L-type pentose cycle and 
therefore they are quite inappropriate for application to 
liver tissue. A number of extensions of these methods have 
been proposed (Landau e t al ., 1964; Landau and Bartsch, 
1966; Katz and Rognstad, 1967) however, each of these are 
based on the same assumptions as the methods discussed above 
and for the same reasons do not apply to measurement of the 
L-type pentose cycle. 
1.3.3 The contribution of the pentose phosphate cycle to 
the metabolism of ·glucose in liver 
It has not been possible to reach an agreement about 
the quantitative significance of the pentose cycle in liver 
due to the variability of a number of estimates (for a 
review see Katz, 1961). More recent estimates have ranged 
from values of 2 to 7% of total glucose metabolism based on 
in viv o studies using the method of Katz and Wood (1960) 
(Hostetler and Landau, 1967) to 13-17 % based on measurements 
of specific yields of 14 c-isotope in CO 2 and lipid followin g 
the metabolism of [1- 14 cJ and [6- 14 cJ g lucose by isolated 
hepatocytes (Baquer e t a l ., 1973). This variability has in 
large part to be attributed to the use of theoretical ex-
pressions for the measurement of the pentose cycle which 
have assumed that the reaction sequence of the non-
oxiclative segment of the pathway in liver is that proposed 
by Horecker e t a l. (1954) and shown in Fig. 1.2. As dis-
cussed above (Section 1. 3. 2), none of the mathematical 
expressions clerived for estimating the F-type pentose cycle 
I 
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apply to the measurement of the L-type pentose cycle due 
to the more complex 14c . 
-isotope redistribution that occurs 
1n the non-oxidative segment of this pathway. A new meta-
bolic theory for estimating the L-type pentose cycle and 
application to isolated hepatocytes are reported in Chapters 
5 and 6 of this thesis. 
1.4 
1.4.1 
Metabolism of foetal, regenerating and neoplastic 
hepatic tissues in relation to cellular prolifer-
ation and the role of the pentose -phosphate pathway 
Prefatory comment 
The underlying proposition which has determined the 
direction of the research described in this thesis is that 
the pentose phosphate pathway is essentially a biosynthetic 
pathway of glucose metabolism. It was considered therefore 
that the flux of glucose carbon through the pentose cycle 
should correlate with those processes accompanying cell 
growth and division. Foetal, regenerating arid neoplastic 
liver tissues were chosen for this study on the lo gica l 
assumption that comparative investigations of these tissues 
would provide a greater understandin g of the metabolic 
variance associated with both normal and abnormal cellular 
proliferation. The following is a bri~f review of those 
features of the metabolism of foetal, regenerating and neo-
plastic liver tissues which relate to cell growth, prolif-
eration and the pentose phosphate pathway. It is shown 
that these ' growth ' tissues share a number of common 
features and tend to resemble each other more closely than 
they resemble normal adult liver. 
I 
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1 . 4. 2 Glucose phosphorylation 
In liver, the first rate-limiting step in glucose 
utilization is its phosphorylation to glucose 6-phosphate. 
Two enzymes for the phosphorylation of glucose are present 
in adult liver, a specific glucokinase (EC 2.7.1.2) and a 
non-specific hexokinase (EC 2.7.1.1 . ) with a much lower 
Michaelis constant (K) for glucose. The maximum catalytic m 
capacity of glucokinase is 3 fold greater than that of 
hexokinase in adult liver (Knox, 1972). Glucokinase is 
absent from foetal rat, guinea-pig and lamb liver (Walker 
and Holland, 1965; Ballard and Oliver 1964 , 1965). In 
response to partial hepatectomy, the pattern of these two 
enzymes tends to be more similar to that of foetal than 
adult liver. Knox (1972) reported a 1.56 fold increase in 
the activity of hexokinase in regenerating liver and a 
decrease of glucokinase activity to 0.56 of the normal adult 
liver value. The levels of glucokinase arc also depressed 
significantly in hepatomas and the activity of hexokinase 
rises relative to normal liver (Criss, 1971; Knox, 1972; 
Shapira, 1973). This alteration from the normal adult 
liver pattern in hepatomas correlates with tumour grow th 
rate (Weber et al ., 1977) but is not transformation-linked 
since at least one transplantable Morris hepatoma, the 
9618A , has nea rly normal levels of these two enzymes (Farina 
et al., 1974). In terms of metabolism it is considered 
that hexokinase acts on glucose at low concentration for 
cell maintenance, while g lucokinase appears only in mature 
liver tissue to capture g luco se at higher than normal blood 
glucose concentrations f or storage as glyco ge n. Thus in 
' growth ' tissues, the change in enzyme profile suggests an 
I 
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increased capacity to utilize glucose as a consequence of 
the greater potential for its pl1osphorylation via hexokin-
as e. 
1.4.3 Glycolysis and the tricarboxylic acid cycle 
The rate of anaerobic glycolysis is similar in 
foetal and adult rat liver slices but under anaerobic con-
ditions foetal liver slices produce more lactate than adult 
liver (Villee and Hagerman, 1958; Villee et al ., 1958). 
Individual enzymes of the tricarboxylic acid cycle and of 
the electron transport chain are of low activity in homog-
enates of rat liver at term altho ugh there is a sharp rise 
to adult levels in the first few days of life (Potter et 
al. , 1945; Dawkins, 1959). The utilization of glucose 6-
phosphate via glycolysis in regenerating liver is complicat-
ed by compartmentation of this pathway. Siebert and 
co-workers reported that intranuclear glycolytic activity 
is significantly increased, becoming maximal at 12h post-
hepatectomy, while cytoplasmic glycolysis is actually 
depressed (Siebert, 1960, 1961; Siebert et al., 1961). The 
glycolytic rate in neoplastic hepatic tissues, particularly 
the Morris hepatomas is an area of some controversy in the 
literature. Warburg (1931), observed that, in the tumours 
he examined, respiration was low and glycolysis high 
relative to normal tissues. On the basis of these studies , 
Warburg proposed that the carcinogenic agent interferes with 
cell respiration and the cell either dies or adopts a ferm-
entativc mechanism to derive energy necessary for survival. 
Weinhouse (1956) disagreed with the basic concepts of 
Warburg as a critical biochemical characteristic of 
' I 
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neoplasia and Pitot (1963) pointed out a number of bio-
chemical characteristics of the first of the Morris "minimal 
de_viation" hepatomas and noted in particular that the Morris 
hepatoma 5123 (a subline of which has been used for these 
studies) exhibited no increased aerobic glycolysis. Burk 
et al. (1967) however, re-examined the glycolytic capacit-
ies of a number of Morris hepatomas (including the 5123 
series) and argued strongly that all hepatomas show glucose 
fermentation values in excess of those in normal or host 
rat livers and noted a continuous, positive correlation 
between in vivo growth rate and &n vitro anaerobic 
glycolysis. The results of the studies reported in this 
thesis support the conclusions of Burk et al. (1967) for 
the 5123 hepatoma (see Chapter 4). Thus it appears that a 
common feature of hepatic 'growth' tissues is an increased 
glycolytic capacity, although the case for regenerating 
liver is not substantial in terms of total cell metabolism. 
1.4.4 Gluconeogenesis and glycogen metabolism 
The synthesis of glucose from precursors and storage 
of glucose as glycogen are key metabolic functions of adult 
liver and are c~ntral to its role in maintaining a constant 
blood glucose concentration. The synthesis of glucose is a 
capability which develops after birth (Greengard, 1971). , is 
impaired in re ge nerating liver (Taketa et al., 1976; 
Bonney et al., 1973) and absent from most hepatomas (Knox, 
1972; Weber et al., 1977). Glycogen is rapidly lost 
following partial hepatectomy and the glycogen content of 
hepatomas is very low . Hepatic synthesis of glycogen in 
intact foetal liver is very rapid in the last stages of 
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gestation (Goldwater and .Stetten, 1947) with glucose being 
the major precursor (Ballard and Oliver, 1964 ). These 
glycogen stores are rapidly lost immediately after birth 
in all mammalian species examined (Shelly, 1961). Thus, 
with the exception of foetal liver in the late stages of 
gestation , these two functions of adult liver , i.e. glu-
coneogenesis and glycogen storage, are not characteristic 
of hepatic ' growth' tissues. 
1.4.5 Nucleic acid synthesis 
Of the tissues under consideration, foetal liver 
from 14 days gestation to term is the fastest growing fol-
lowed by regenerating liver (0-2 days after resection) and 
the hepatomas considerably slower (see Table 3.1). The 
rapid rate of cell division in these tissues implies in-
creased synthesis of nucleic acids relative to "resting" 
adult liver. In regenerating liver, DNA synthesis exhibits 
an abrupt rise at around 15-lSh following surgery . There is 
an active incorporation .of labelled deoxyribotide precursor 
which reaches a peak at 22-26h and then diminishes somewhat 
but continues above basal level for some days (Hecht and 
Potter, 1956; Bucher, 1963). For this reason, all isotopic 
tracer studies reported in this thesis were performed on 
regenerating liver 24h following partial hepatectomy. 
1.4.6 Lipid synthesis 
The synthesis of lipid by growing hepatic tissues 
is of particular interest to this study since this biosyn-
thetic process requires hydrogen in the form of NADPH. 
Large amounts of lipid, mostly triglyceride, appear 1n foetal 
I' 
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liver at term and disappear in the first few days of life 
(Freedman and Nemeth, 1961). Ba llard and Hanson (1967) 
r~ported the rate of synthesis of non-saponifiable lipids 
(mostly cholesterol) from glucose to be 15 times greater 
in the liver of the 18 day rat foetus than in adult liver. 
There is also a dramatic accumulation of neutral lipid in 
parenchymal cells of the rat liver remnant following partial 
hepatectomy. The lipid that accumulates is predominately 
triglyceride and may increase 4 fold 20h after partial 
hepatectomy (Glende and Morgan, 1968; Fex, 1970). The 
transient fatty nature of the regenerating liver is assoc-
iated with increased incorporation of fatty acids from 
plasma into liver triglycerides (Fex and Olivecrona, 1968b), 
an increased mobilization of free fatty acids from adipose 
tissue, and increased de nova synthesis of fatty acids in 
liver (Gove and Hems, 1978). The rate of lipid synthesis 
in vitro may vary considerably between tumours and may be 
more or less than, or the same as that by normal liver. 
Sabine et al . (1968) observed no relationship between tumour 
growth rate and the rate of fatty acid synthesis in vitro. 
However, Siperstein (1970) and McGarry and Foster (1969) 
presented data which sugges ts some correlation between 
cholesterol synthesis and the degree of differentiation of 
hepatomas. An interesting and consistent feature of lipid 
synthesis by hepatomas is the fail ure of these tissue to 
respond to normal dietary re gulation such as fasting or 
feeding a high cholesterol diet . Thus lipid synthesis in 
hepatomas, although it may not be elevated, is unregulated. 
The increased rates of lipid synthesis in growing hepatic 
tissues, or in the case of the hepatomas the unregulated 
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rates, are significant in relation to the flux of glucose 
through the pentose phosphate pathway, since this flux is 
accompanied by NADPH production. This mechanism for NADPH 
production may be especially important in foetal liver since 
"malic" enzyme is not present in this tissue (Ballard and 
Hanson, 1967). 
1.4.7 The pentose phosphate pathway 
It is not possible to reach a conclusion about the 
role of the pentose phosphate pathway in 'growing' hepatic 
tissues based on information in the literature. Burch et 
al . (1963) reported the maximum catalytic capacity of glu-
cose 6-phosphate dehydrogenase to be greater in foetal and 
new-born rat liver than adult, however Knox (1972) reports 
values averaging only 70 % of adult liver for this tissue. 
Weber (1973) reported no alteration in the activity 
of glucose 6-phospl1ate dehydrogenase in regenerating liver, 
whereas Taketa et al . (1976) reported a 1.5 fold increase 
in the activity of this enzyme follo,ving partial hepatec-
tomy and acute CC1 4 intoxication. The activity of glucose 
6-phosphate dehydrogenase is dramatically increased in all 
hepatomas (10 fold) (Weber e t al., 1977). Measurements of 
the F-type pentose cycle usin g the methods described above 
(Section 1.3) provide little useful information regarding 
the role of the pentose pathway in hepatic tissues. Crockett 
and Leslie (1963) reported values between 10-20% based on 
14
co 2 yields as described in Section 1.3.2 in human foetal 
liver cells in culture. Katz and Rognstad (1967) analyzed 
the data of Horecker et al . (1958) and concluded the con-
tribution of the pentose cycle is approximately 20% in 
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regenerating liver. It is emphasized that neither of these 
measurements can be compared to normal liver since no 
accurate estimate of the L-type cycle is known in this 
tissue and further the estimates for these two 'growth' 
tissues may be in considerable error if it is shown that 
the L-type cycle operates in these tissues. 
1.4.9 Conclusions 
Apart from nucleic acid synthesis, it 1s not ~lear 
if any of the metabolic variances discussed above are 
directly related to cell growth and proliferation. Changes 
such as increased lipid synthesis and the activity of 
glucose 6-phosphate dehydrogenase are also seen in non-
proliferating hepatic tissues as a result of alterations 
in diet and other factors , and certain characteristics dis-
cussed above for foetal liver can easily be explained in 
terms of such changes in the environment of these cells. 
Nevertheless, the similarities discussed above indicate that 
a number of deviations from normal adult liver metabolism 
occur 1n these 'growth' tissues and these must be considered 
when interpreting data with respect to glucose metabolism 
and the pentose phosphate pathway. It 1s considered that a 
trend away from the homeostatic functions of adult liver 
and towards a more autonomous metabolism constitutes a 
reasonable generalization of the metabolism occurring in 
these 'gr ow th' tissues . 
1.5 Host Liver 
That tumour-bearing results in alterations 1n the 
'( 
en2xnatic profile of distant "non-involved" orga_ns such as 
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host liver was first reported by Greenstein (194 7.) and has 
been confirmed by Suda et al . (1966) ; Wu and Homburger 
( 1.9 6 9 ) ; I-I e r z f e 1 d and Gr e en gar cl ( 1 9 7 2 ) and Knox ( 1 9 7 2 ) . 
It is of interest to this study that, in general, the alter-
ations in enzymatic profile of host liver diverges towards 
that of the immature liver and th e well-differentiated 
hepatomas. These alterations include decreases in glucok-
inase and increases in hexokinase activity (Herzfeld and 
Greengard, 19 72) . Very little is known regarding the effect 
of changes in enzymic profile induced by tumour-bearing, 
particularly as it effects the tumour-host relationship and 
metabolism, and nothing is known regarding alterations in 
the pentose phosphate cycle in host liver. It is for this 
reason that host liver tissue was included in all of the 
early studies described in this thesis. 
1.6 Retrodifferentiation 1n liver regeneration and 
neoplasia 
As discussed above (Section 1.4.9), the general 
picture of glucose metabolism in hepatomas and to a lesser 
extent in regenerating liver resembles that of foetal liver. 
The strategy of growing hepatic tissues appears to be that 
of assuming the enzymatic and metabolic profile of less 
differentiated, immature tissue. 
limited to glucose metabolism. 
This phenomena is not 
The evidence which has 
accumulated over the past 20 years of the expression of 
embryonic and foetal gene products 1s now so impressive as 
to preclude any doubt that it· is a general characteristic 
of cancer. These embryonic gene products include ectopic 
hormone production, isoenzyme forms and antigens and 
11 
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related immunological phenomena. The production of onco-
foetal proteins by malignant cells is an area of consider-
ahle interest and a number of reviews of the subject are 
available (Coggin and Anderson, 1974; Gurchot, ·1975; 
Fishman, 1976; Fishman and Singer, 1976; Uriel, 1976; 
Longenecker and Williams, 1977). It is of interest to the 
present study that few, if any, of the now known early 
developmental proteins associated with tumours are specific 
for neoplasia since they are often associated with cellular 
regeneration and metaplasia. For example , liver regenera-
tion in r~ts and mice gives rise to morphological altera-
tions coincidental with those of foetal or neonatal 
hepatocytes (Bresnick, 1971). These structural changes have 
also been observed in hyperplastic nodules of rat hepato-
cytes appearing in the early, preneoplastic phase of liver 
carcinogenesis by diethylnitrosamine (Bruni, 1973). The 
regeneration period is also characterized by increased 
synthesis of foetal-specific proteins seen as a transitory 
shift in isoenzyme pattern (Uriel, 1976). These correla-
tions between regenerating and neoplastic liver have led to 
the proposal tl1at early developmental gene expression is a 
consequence of the general adaptive process of retrodiffer-
entiation (Uriel, 1976). Retrodifferentiation is defined 
as the stepwise nucleocytoplasmic reversion of mature 
elements toward a more juvenile state. The period of retro-
differentiation associated with regeneration is normally 
counterbalanced by a process of reontogeny which restores 
the terminal phenotype. The effects of cell oncogenic 
agents may be seen as blocking the reontogeny process re-
sulting in an unbalanced retrodiffercntiated cell which is 
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malignant. It is this phenomenon of blocked reontogeny 
which clearly differentiates the effects of carcinogenic 
agents from the toxic effects of non-carcinogens. The pro-
cess of retrodifferentiation is a convenient mechanism to 
explain the re-~xpression of early developmental gene 
products in neoplastic and regenerating hepatic tissue. 
In terms of metabolism, this proposition predicts a pre-
dominance of autonomous foetal-like metabolic pathways over 
adult-type. The inability of hepatomas to store glycogen 
and their high glycolytic capacities may be seen as 
examples of the effects of retrodifferentiation on the 
metabolism of these tissues since these effects are a con-
sequence of changes in isoenzyme composition and/or loss of 
adult-type enzymes. If the pentose pathway flux is critical 
to cell growth and proliferation, it may be considered that 
both the flux through, and the mechanism of, the pathway 
might be different in f oetal, regenerating and neoplastic 
liver from that of the fully differentiated adult liver. 
The question then arises, is the L-type pentose pathway a 
liver-specific, adult form of the path,vay and does a foetal 
form (i.e . the F-type or other) exist? Tl1ese considerations 
indicated a requirement to examine tJ1e pentose pathway from 
a qualitative as well as a quantitative view. 
1.7 The aim of this s tudy 
The major portion of the ,vork described in this 
thesis was originally initiated as a consequence of the 
results and observations of J.F. Williams , M.G. Clark, and 
P.F. Blackmore that an al ternate reaction scJ1eme for the 
pentose phospJ1ate pathway existed in liver (Williams et al ., 
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1978ab). It was considered that the elucidation of this 
reaction scheme offered a unique opportunity for reinvesti-
gating the contribution of the pentose cycle to the metabol-
ism of glucose by liver tissues. 
This study has included investigations of foetal, 
regenerating and neoplastic hepatic tissue since it is 
generally held that the primary physiological role of the 
pentose phosphate pathway is the provision of metabolic 
intermediates required for cell growth and division. It is 
the main aim of the present study to investigate the par-
ticipation of the pentose phosphate pathway in normal and 
rapidly proliferating hepatic tissues in an attempt to 
determine any quantitative and/or qualitative relationships 
between pathway flux and/or reaction mechanism and cellular 
proliferation. 
CHAPTER 2 
EXPERIMENTAL 
2.1 Enzymes and chemicals 
Un 1 e s s o the rw i s e s ta t e d , a 11 en z y me s, s c int i 11 an ts , 
substrates, buffers and coenzymes were obtained from either 
Boehringer Corp. (London) Ltd., Calbiochem (Australia) Pty. 
Ltd., Carlingford, N.S.W. or from the Sigma Chemical Co., 
St. Louis, Mo., U.S.A. 14 [6- CJ and 
14 14 14 . [U- CJ glucose , [2- CJ and [U- CJ glycerol were obtained 
from the Radiochemical Centre, Amersham, Bucks, England . 
Inorganic and organic solvents were analytical grade (E. 
Merck, Darmstadt; the British Drug House Ltd. or May and 
Baker Ltd., England) . Glass distilled water was used to 
make all solutions. 
All gases were supplied by Commonwealth Industrial 
Gases Pty. Ltd., Sydney, Australia. 
Bio-Rad and Amberlite ion-exchange resins were 
obtained from Bio-Rad Laboratories, Richmond, California, 
U.S.A. and Rohm and Hass Co., Philadelphia, U.S.A. respec-
tively. 
2.2 Animals and diet 
The Morris hepatoma 5123C was obtained from the 
Waite Agricultural Research Institute, Adelaide, South 
Australia, and the Morris hepatoma 7777 was obtained from 
Professor Harold P. Morris, Department of Biochemistry , 
School of Medicine, Ho,vard University, Washington D. C. 
Inbred Buffalo rat stocks were obtained from Professor 
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Gerhard Schreiber , RussellGrimwa de School of Biochemistry, 
University of Melbourne , Victoria. 
The Buffalo rats were maintained closely inbred by 
sibling matings i n our animal house . Morris hepatomas 
5123C and 7777 were maintained by serial transplantation 
in male inbred Buffalo rats. The transplantation was 
achieved by intramuscular injection of a uniform piece of 
tumour tissue (approx . 100 mg) using a 12 guage trochar, 
into the hind flanks of 8 to 10 week old animals. 
Animals were bred and housed (4 to a cage) in a 
temperature controlled animal house ,vhich was maintained 
at 22° . The animal house was fitted with automatic light-
ing equipment which was programmed for a 12h li ght/dark 
cycle which commenced at 8 am (light cycle). All animals 
used in experiments were killed betwe e n 9 am and 10 am to 
mini1nise diurnal variation unless otherwise specified . 
2 . 3 Enzyme preparations from tissues 
Enzyme preparations of the following tissues were made , 
foetal, regenerating,host and adult liver and hepatomas 7777 
and 5123C. The preparations consisted of the 105 , 000 
s~pernatant fraction of the h omogenized tissue. The prepar-
at ions were made as follows: The 
animals were killed by cervical dislocation and the entire 
liver or tumour tissue removed, sliced into small pieces 
(approx. 0 . 2g), rinsed with 0.0SM-Tris-l--ICl, pH 7.4, buffer 
to remove blood, weighed, and homogenized in 20 ml of 0.05 
M-Tris-HCl buffer , pH 7 . 4, in a g lass Potter-Elvehjem 
homogenizer using a motor-driven Teflon pestle. Special 
care was taken to remove all muscle, connective and 
necrotic tissue ,vhen excising the hepatomas. The entire 
homogenate was then diluted to a concentration of 1:8 , 
I 
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tissue : buffer (w/v) with 0 . 05 J\1 Tris-HCl , pH 7.4, and 
centrifuged at 10 , 000 g for 10 min in a refrigerated Sorval 
centrifuge fitted with a SS-34 rotor. The · resulting super-
natan t fluid was centrifuged at 105,000 gin a Beckman 
ultracentrifuge (model L-2) at 0-4° for lh using a L-50 
rotor. The supernatant fluid was strained through glass 
wool to remove lipid residues and the clear fluid was then 
dialyzed for at leas .t 12h against two changes (1 litre 
each) of 0 . 05 M-Tris-HCl buffer, pI-I 7 . 4, at 0-4°. The 
dialysis tubing (Visking Co., Chicago, U. S.A.) was first 
treated to remove plasticizing substances (Garland et al . , 
1964).' 
2.4 Protein estimation 
Protein concentrations were determined in enzyme 
preparations by the method of Lowry et al . (1951) using 
albumin (bovine) , fraction Vas standard. 
2.5 Spectrophotometric measurements 
Enzymatic and substrate assays were carried out in 
one of the following automatic instruments: Carl Zeiss 
PMQ II s~ectrophotometer (Oberkochen/Wuertt, West Germany); 
Varian Techtron UV-VIS double beam spectrophotometer model 
635 (Varian Techtron Pty. Ltd., Melbourne, Australia) or 
Beckman Acta spectrophotometer model MVI (Beckman Instru-
ments, Inc . , Fullerton Ca., U.S.A.) . All instruments were 
fitted with thermostatic temperature control, chart 
recorder and multi-cell carriages . 
The growth of Le uconostoc mesenteroides in liquid 
media was monitored by observing the turbidity using a 
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Klett Summerson colourimeter. 
2.~ Enzyme activities 
The enzymes catalyzing reactions of the pentose 
phosphate pathway described by !Iorecker et al. (1954) were 
assayed for maximum catalytic activity in the cytosolic 
extract of livers and hepatomas. Glucose 6-phosphate 
dehydrogenase and 6-phosphogluconate dehydrogenase were 
assayed by the method of Glock and McLean (1953). The 
catalytic activities of transaldolase, ribose phosphate 
1somerase and ribulose phosphate 3-epimerase were determin-
ed as described by Clark et al . (1972). Transketolase 
was determined by the method (b) of Clark et al . (1972) 
and aldolase by the method of Raijkuman et al. (1966). 
2 .7 Intermediate levels in ex tracts from fresh tissue 
and isolated cells 
The levels of sugar phosphate intermediates were 
determined from HC10 4 extracts of "freeze clamped" tissues. 
The procedure used was essentially as described by 
Wollenberger et al . (1960). Rats were killed by cervical 
dislocation and the liver was rapidly removed and clamped 
in aluminium tongs precooled to -1 70° 1n liquid nitrogen . 
Acid extracts of this frozen tissue were made by the addit-
ion of 10ml of ice cold HC10 4 (0 . 6N) followed by homogeniz-
ation using a Potter-Elvehjem tissue homogenizer fitted ,~ith 
a motor driven Te flon pestle. The denatured ·protein was 
removed by centrifugation and the supernatant fluid adjust-
ed to pH 6 .5 with KOH solution. After removal of the KC10
4 
precipitate by centrifugation (10 , 000g for 10 min), the 
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final volume was measured and the supernatant fluid removed 
for analysis of the intermediates. 
The levels of adenine nucleotides and glucose 6-
phosphate and fructose 6-phosphate in acid extracts o f 
isolated cells were determined as an indication of the meta-
boli~ viability of the cell preparations. The cells were 
incubated for 1 hour at 37° in Krebs-Ringer Bicarbonate 
buffer pll 7.4 containing SmM glucose, 0 . 2% fatty acid free-
BSA and 10 . 0mM HEPES at a concentration of approximately 
100mg wet weight of cells per ml. A 10ml sample of cells 
was then centrifuged at approx. 50g for 5 min and the 
supernatant fluid removed by suction. Five ml of 0.6M 
HCI0 4 was then added to the cell pellet and the cells vig-
orously resuspended. This suspension was allowed to stand 
on ice f or 15 min prior to the removal of denatured 
protein by centrifugation (10,000g for 10 min). The super-
natant fluid was adjusted to pH 6.5 with KOH solution and 
the KC10 4 precipitate removed by centrifugation (10,000g 
for 10 min) . . The supernatant f luid was used directly for 
analysis of intermediates as desc rib ed (Section 2.8). 
2.8 En zyma tic analysis of sugar phosphates 
Measurements of intermediates from " freeze clamped" 
tissues, extracts of isolated cell preparations and extracts 
of enzyme incubations with ribose 5-phosphate were made as 
follows: adenosine 5'-triphosphate (Lamprecht and Trauts-
chold, 1974); adenosine 5'-diphosphate and adenosine 5'-
monophosphate (Jarowek et al . ., 1974); lactate (GaHehn) 
and Bergme·yer, 1974); pyruvate (Czok a nd Lamprecht, 1974); 
malate (Gutmann and Wahlefeld, 1974); g lyceraldehyde 
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3-phosphate, xylulose 5-phosphate, ribulose 5-phosphate 
and ribose 5-phosphate (Gumaa and McLean, 1969); sedo-
hepulose 7-phosphate (Racker, 1974); glucose 6-phosphate 
and fructose 6-phosphate (Lang and Michal, 1974); and 6-
phosphogluconate (Haid , 1974). 
The Atkinson "energy charge" ratio (Atkinson and 
Walton, 1967) was used in order to establish that the 
physiological integrity of each tissue "freeze clamp" prep-
aration was maintained and was calculated by the following 
empirical equation. 
" ENERGY CHARGE" = 1 ( 2 ·x [ATP] + [ADP] ) 2 x ( [ATP] + [ADP] + [AMP] ) 
The cytoplasmic pyridine nucleotide ratios, 
[NAD+J/[NADH] and [NADP+]/[NADPH], were measured using the 
lactate dehydrogenase system and the malate dehydrogenase 
system respectively (Krebs and Veech 1968, Veech et al ., 
1970). The ratios are determined from the relationships 
below: 
[NAD+] 
[NADII] = 
[NADP+] = 
[NADPH] 
[pyruva te] 
[lactate] 
[p yr uva te] 
[mala te] 
X 
X 
1 
1.11 X 10- 4 
- 2 3 . 44 X 10 
The CO 2 concentration was taken to be 1.16 x 10- 3 M. 
This is the level cited by Krebs and Veech (1968) for nor-
mal rat liver and it was assumed to be the same in all 
tissues studied. 
I 
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2.9 Ribose 5-phosphate utilization and carbon balance 
studies 
The rates of ribose 5-phosphate utilization, triose 
phosphate formation and hexo~e 6-phosphate formation during 
an incubation of the cytosolic extract from each tissue 
with 5mM ribose 5-phosphate were determined by assaying 
HC10 4 extracts of aliquots of the incubation mixture for 
the followin g sugar phosphates: ribose 5-phosphate, 
ribulose 5-phosphate, xylulose 5-phosphate, sedoheptulose 
7-phosphate, glyceraldehyde 3-phosphate and dihydroxy-
acetone phosphate, fructose 1,6 bisphosphate, glucose 6-
phosphate and fructose 6-phosphate. The incubation mixture 
(10ml) contained 50 µmole ribose 5-phospJ1ate, approx . 25 mg (protein) 
of the dialyzed 105,000 g supernatant solution and g lycyl-
glycine buffer (pH 7.4) to a final concentration of O.lM. 
The incubation was at 25° for 2 hrs. A one ml aliquot of 
this mixture was added to an equal volume of 0.6M HC10
4 
on 
ice at 0,2,6,15,30,60,90 and 120 min. The denatured pro-
tein was rimoved by centrifugat ion (10,000g for 10 min) and 
the supernatant solution adjusted to pH 6.5 ,~ith KOH 
solution. After removal of the KC10 4 precipitate by centri-
fugation (10,000g for 10 min), the final volume was adjust-
ed to 2.5ml and the samples were removed for the analysis 
of the intermediates by the methods described above (Section 
2.8). The carbon balance is expressed as µCatoms per mg 
of protein for the purpose of compating the ability of the 
tissue extracts to cataboli ze ribose 5-phosphate. 
2.10 
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Synthesis of D-gZycero -D-ido-octulose 
1,8-bisphosphate 
D-gZycero-D-ido-Octulose 1,8-bisphosphate was 
formed by the aldolase-catalysed reaction of equation 
(2.1). 
D-Arabinose 5-phosphate + dihydroxyacetone phosphate~ 
D-gZycero-D-ido-octulose 1,8-bisphosphate (2.1) 
The reaction mixture contained in a total volume 
of 30 ml : 2.5 mmol of D-arabinose 5~phosphate (12.5-fold 
excess); 200 µmol of dihydroxyac·etone phosphate; 30 uni ts 
of rabbit muscle aldolase and 2.0 mmol of triethanolamine/ 
HCl buffer, pH 7.6. The reaction was allowed to proceed 
at 30° for 40-45 hours. The formation of octulose bisphos-
phate was monitored using the cysteine-sulphuric acid 
method (Section 2 .16). After 40 hours, the · absorbance at 
451 nm indicated a 75% conversion of the reactants to the 
octulose product. The reaction was terminated by the 
addition of perchloric acid to a final concentration of 
0.6 M. The protein precipitate was removed by centrifu-
ga tion (20,000g for 10 min) in a Sorvall refrigerated 
centrifuge. The protein-free supernatant solution was ad-
justed to pH 6 .8 with KOH and allowed to stand on ice for 
30-60 mins. Potassium perchlorate was removed by centri-
fugation as above and the supernatant fluid was pumped 
onto a column (1 .5 x 30 cm) of Bio Rad AG l-x8, 200-400 
mesh, ion-exchange resin (formate form). The ido-octulose 
bisphosphate and unreacted arabinose 5-phosphate were 
separated by elution as described in Section 2.15. The 
fractions were monitored using the orcinol and 
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cysteine-sulphuric acid (Section 2.16) methods to detect 
the presence of pentose phosphate and ido-octulose bis-
phosphate respectively. Those fractions containing ido-
octulose bisphosphate were pooled. The column eluate was 
continuously extracted with diethyl ether for 24 hours to 
re~ove formic acid. The pH of the ether-extracted material 
was adjusted to 6.8 with NaOH, and the solution concentrat-
ed by rotary film evaporation. The final yield of D-
glycero-D-ido-octulose 1,8-bisphosphate was 60% based on 
the quantity of dihydroxyacetone phosphate originally in 
the incubation mixture. 
Th~ identity and purity of the product was confirm-
ed using mass spectroscopy (courtesy of Dr. John MacLeod, 
The Research School of Chemistry, A.N.U.) . 
2.11 Hexose 6-phosphate formation from D-glycero-D-ido-
octulose 1,8-bisphosphate 
The rate of hexose 6-phosphate formation from the 
substrates D- glycero -D- ido -octulose 1,8-bisphosphate and 
altro -heptulose 7-phosphate \vas determined as follows. The 
reaction mixture contained 14 µmol of KCl; 18 µmol of 
triethanolamine/I1Cl buffer, pH 7 . 6; 2. 2 µmol of the ido -
isomer of octulose 1, 8-bisphosphate; 2. 2 µmol altro-hep tulose 
7-phosphate; 0.1 mg of thiamine pyrophosphate; rat enzyme 
pre~aration (1 . 25 mg of protein) and water to a volume of 
0.44 ml. The reaction was initiated by the addition of 
enzyme and 60 µl samples were removed at time zero and at 
5, 10, 15, 20, 30 and 40 min . The samples were added 
directly to 50 µl of 0 . 6 M perchloric acid and the denatured 
protein removed by centrifugation . The supernatant fluid 
I· 
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was then neutralized (pH 6 . 5-7.0) with saturated potassium 
bicarbonate, the potassium perchlorate precipitate removed 
by centrifugation and 100 µl of the supernatant solution 
was taken for the analysis of hexose 6-phosphate. Glucose 
6-phosphate and fructose 6-phosphate were determined 
enzymically as described by Lang and Michal (1974). For 
each experimen~ contrbl incubations were performed using 
only one substrate . Rates of hexose 6-phosphate formation 
were observed when aZtro-heptulose 7-phosphate was the sole 
substrate and this rate was subtracted from the rate 
observed £or both substrates, to yield the net phosphotrans-
ferase-coupled reaction rate. Hexose 6-phosphate standards 
(10 nmol) were treated in an identical manner as the 60 µl 
time samples and the yield of hexose 6-phosphate in the 
final assay was 95%. 
2.12 Preparation and incubation of isolated hepatocytes 
Isola·ted hepatocytes were prepared by perfusion 
of the isolated rat liver or liver remnant with collagenase 
essentially as described by Berry (1974) except that 
hyaluronidase was omitted. Partial hepatectomy was per-
formed as described by Higgins and Anderson (1931) and 
isolated cells were prepared 24 hrs after surgery. All 
cell preparations were performed between 9.00 a.m. and 
10.00 a.m. to avoid any complications arising from diurnal 
rhythm. The cell preparations were judged to be grea ter 
than 90% viable by trypan blue exclusion. 
The cells were incubated in Krebs-Ringer Bicarbon-
ate buffer pl{ 7.4 containing SmM glucose, 0 . 2% fatty acid 
free-BSA and 10 . 0 mM IIEP ES at a concentration of approx. 
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100 mg wet weight of cells per ml. The cell suspensions 
were gassed with o 2 :co 2 ; 95:5, prior to incubation . Ex-
pe.riments in which the incorporation of 14 C-isotope from 
[1- 14 cJ and [6- 14 cJ glucose into 14 co 2 was measured were 
carried out in glass scintillation vials with a centre well 
containing 0 . 5ml of 2N NaOH. The vials were sealed with 
rubber stoppers (Suba seals). The volume of cell suspen-
sion in these incubations was 3ml, to which 0.2 µCi of 14 c-
labelled glucose was added . The incubations were from 15 
o -min to 2h at 37 . E · · h. 1 14c · 
-xper1ments 1n w 1c1 -isotope 1ncor-
poration into lipid, DNA, RNA and protein were measured 
contained 5ml of the cell suspension and 2.5 µCi of either 
[1- 14 cJ or [6- 14 cJ glucose. These experiments were for 
2 hrs at 37°c. 
The incorporation of 14 c into lipid, RNA, DNA and 
protein was measured by fractionation of the cell suspension 
as follows. The incubation was terminated by the addition 
of 5.0 ml of 10 % trichloroacetic acid and the solution 
allowed to stand on ice for 30 min . The suspension was then 
centrifuged (10,000 g -10 min) in a Sorval refrigerated 
centrifuge using the SS-34 rotor. The supernatant fluid 
was discarded and the pellet washed with a further 5.0 ml 
of 10% trichloroacetic acid. The pellet was resuspended 
111 5 . 0 .ml of a solution of chloroform:methanol (2:1 ) by 
homogenization using a motor driver Teflon pestle and 
incubated at 37°c for 15 min. The solution was centrifuged 
(12,000 g -10 min) and the lipid extract retained . The 
pellet was resuspended in 3ml of the chloroform:methanol 
solution and the extraction procedure repeated. The com-
bined lipid extracts \vere analyzed for radioactivity by 
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counting 0.1ml in 10ml of buty l-PBD scintillation fluid 
using a Beckman scintillation counter (moJel LS-100). The 
p~llet was dried in v ac u o and resuspended in 5.0ml o f 0.3M 
KOH and incubated at 60°c for 3 hours to hydrolyze RNA. 
The incubation was terminated by the addition of 3.0ml of 
ice cold 1.2M HC10 4 and allowed to stand on ice 15 min 
prior to centrifugation (12,000 g -10 min). The super-
natant was removed and 0.1ml of this RNA fraction counted 
in 10ml of butyl-PBD scintillant as above. The pellet was 
resuspended in 5ml of 0.6M HC10 4 and incubated at 7o
0c for 
1 hour to hydrolyze DNA. The incubation was terminated by 
cooling on ice for 15 min and centrifugation (12,000 g -
10 min). The supernatant fluid was retained and the pellet 
resuspended in 3.0ml of 0.6N HC10 4 and centrifuged as 
above. The supernatant fractions were combined and a 0.1ml 
sample analyzed for radioactivity as a bove. The p e llet, 
containing denatured protein, was solubilized in 3ml of 
Soluene 350 (Packard Instrume nt Company Inc., Downers 
Grove, Ill., USA) by incubating overni ght at 600C. A 0.1ml 
aliquot of the solubili zed p rotein was then counted in 10ml 
o f scintillation fluid as above. All me as ur ements o f 
radioactivity were corrected for quenchin g ( Section 2.14). 
_The incubations from which g lucose 6-phosph a te wa s isolat-
ed for de grada tion followin g the metabolism of [2- 14 cJ, 
14 14 . [5- CJ or [4,5,6- CJ g luco s e contained 10ml of cell sus-
pension and lOwCi of 14 c labelled g lucose. The r eco very 
of glucose 6-phosphate, its dep hosphory lation and de g rada-
tion, and the synthesis of [5- 14 J and [4,5,6- 14 cJ g lucos e 
are described else,vhere (Sections 2 .1 7 and 2 .19). 
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2 . 13 Growth of the 5123tc hepatoma in culture 
The 5123tc hepatoma line was obtained from Dr. T.R. 
B~adley , Peter McCallum Cancer Institute, Melbourne, Aus-
tralia . The cells were grown as a monolayer in 2 litre 
roller bottles containing 200ml of growth medium. The 
medium consisted of a modification of Eagles medium (Flow 
Laboratories Ltd. , Annandale, N.S.W ., Australia) containing 
foetal calf serum at a final concentration of 10% (v/v), 
penicillin (0.06 g/1} and streptomycin (0.1 g/1}. The cells 
were harvested and subcultured weekly by seeding at 10 7 
cells per bottle . The culture medium was changed every two 
days . Cells were released from the glass with 0.05% tryp-
sin, and the cell density determined by counting the cells 
with the aid of a haemocytometer (Assistent-Germany). 
Cell stocks were stored in liquid nitrogen. The harvested 
cells were suspended at a concentration of approx. 100 mg 
wet weight of cells per ml in growth media prior to use in 
14
C-isotope studies. All other incubation conditions were 
as described above for hepatocytes (Section 2.12) . 
2.14 Radioactivity measurements 
Radioactivity measurements Here made using either a 
Beckman LS-350, Beckman LS-100 or a Packard Tri-carb 
(model 2002} scintillation counter . The scintillant con-
tained 12g of 2(4'-t-butylphenyl)-5-(4"-biphenyl}-1,3,4-
oxadiazole, 1200ml of toluene and 800ml of methoxyethanol. 
All counting \vas corrected for quenchin g by the channels 
ratio method (Bruno and Christian, 1961} . 
Radioactive sugars and sugar phosphates were locat-
ed on paper chromatograms by scanning for radioactivity 
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using a Packard Model · 7201 Radiochromatogram Scanner. 
2. J 5 Separation of sugar phosphates by ion-exchange 
chromatography 
Sugar phosphates were separated from one another by 
an i-0n-exchange chromatography using Dowex-l(x8, 200-400 
mesh) analytical grade resin in the formate form. The 
samples were loaded onto a column (1.5 x 30 cm) followed 
by 50ml of water . Elution was achieved using a linear 
gradient containing 500ml of 2M HCOOH in a mixing bottle 
and 4M IICOOH in the reservoir. Fractions (8-lOml) were 
collected at a constant flow rate of l.Oml/min in an Isco 
Golden Retriever, Model 820 fraction collector (Instrument 
Specialties Co. Inc., Lincoln, Nebraska , U.S:A.). The flow 
was maintained with an LKB Re Cy Chrom Pump, type 4912A 
(LKB-Produkter AB, Stockholm, Sweden). 
2.16 Colorimetric methods for estimating sugar 
phosphates 
The main application of the colorimetric methods 
employed was in determining the locatiou of sugar phos-
phates in fractions following ion-exchange chromatography. 
Tot a 1 a 1 do pent o s e 5 - p hosp hate was e s·t i mated us in g the 
modified orc-inol melthod of Blackmore and Williams (1974). 
The location of glucose 6-phosphate and fructose 6 -
phosphate in fractions following ion--exchange chromatog-
graphy was determined using the anthrone method of Graham 
and Smydzuk (1965) . 
The octulose phosphates were characterized and 
measured using the unique spectra of their reaction 
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products formed by the following modification of the 
cysteine-sulphuric acid method of Bartlett and Bucolo 
(1968) . In a 15cm x 1.5cm test tube 0.5ml of sample (con-
taining 5-100 nmol of octulose phosphate) was mixed with 
1.5ml of 18M sulphuric acid and immediately placed in an 
ice bath for 3 min. The tube was capped with a glass 
marble and heated in a vigorously boiling water bath (3 
min) then cooled on ice (2 min). To this mixture was added 
33 µl of freshly prepared 3% (w/v) cysteine-HCl solution 
and this mixture heated at 100° for 3 min. The reaction 
mixture was then cooled in an ice bath for 15 min and the 
spectra recorded between 350 and 500 nm (Paoletti et al. , 
1979a). 
2 . 1 7 Synthesis of [5- 14 cJ and [4,5,6- 14 ] glucose 
[5
-
14
c] 1 d f [2 14 c] 1 1 g ucose was prepare -rom - g ycero 
d [4'5'6 - 14 cJ 1 f [U 14c] 1 1 d. an g ucose rom - . g ycero using a mo 1-
fication of the method described by Ljungdahl et al. (1961) . 
The reaction mixture ·( 5. 0ml) . contained: lOO µmole ATP; 
+ 
200µmole NAD ; 150µmole fructose 6-phosphate; 1mg g lycer-
okinase (EC 2 . 7 . 1. 30; Boehringer Mannheim Corp . ; from 
Candida mycoderma; 85U/mg); 1mg g lycerol 3-phosphate 
dehydro ge nase (EC 1.1.1. 8 ; Boehringer Mannheim Corp., from . 
rabbit muscle; 40U/mg); lOOµ g triose-phosphate isomerase 
( E C 5 . 3 . 1 . 1 ; B o eh r i n g e r rv1 an n h e i m C o r p . ; from r ab b i t mus -
cle; 5000 U/m g) ; 1.3 mg transaldolase (EC 2.2.1.2; 
B o eh ring e r ~Ian n he i m Corp . ; from ye a.s t ; 1 5 U /m g) ; 1 6 0 µ g 
lactate dehydrogenase (EC 1.1.1.27; Boehringer Mannheim 
Corp.; from rabbit muscle; 5 50 U/mg) ; 200µmole sodium 
pyruvate and 250µCi ·of [2- 14 cJ or [u- 14 cJ glycerol 
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(25mCi/mmole) . All substrates, co-factors and enzymes were 
made up in lOOmM Tris/HCl , 20mM MgC1 2 pH 7.8. The reaction 
mixture was incubated for 2 hrs. at 25° before the addition 
of SOU of phosphoglucose isomerase (EC 5.3.1.9; Boehringer 
Mannheim Corp. ; from yeast; 350U/mg). The incubation was 
continued for one further hour and was then terminated by 
the addition of · 5 . 0ml of 0.6M HC10 4 . The mixture was 
allowed to stand in ice for 30 min. to complete the precipi-
tation of protein . The protein was removed by centrifuga-
tion at 12,000g for 10 min. in a Sorval refrigerated 
centrifuge using the SS-34 rotor. The supernatant fluid was 
adjusted to pH 6 . 5 with KOH solution and allowed to stand at 
o
0 
for 30 min . The KC10 4 precipitate was removed by centri-
fugation as above and the reaction mixture placed on a 
column (1.5 x 30cm) of Dowex-1 (x8, 200-400mesh, formate 
form) analytical grade resin followed by 50ml of water. The 
column was eluted with a linear gradient as described in 
Section 2 .15. Fractions (10ml ) were collected and the hex-
ose 6-phospl1ate peak identified usin g the anthrone reagent 
(Section 2 . 16) and the appropriate fractions were collected 
(total volume 6 x 10ml). The solution of 14 c-labelled 
hexose 6-phosphates was conceritrated under reduced pressure 
at 45° using a Buchi rotary evaporator (Buchi Rotovapor R). 
The last traces of formic acid were removed by adding 100 ml 
of water and evaporating the s olution under reduced pr e ssure. 
Th i s process was repeated four times 
The glucose 6-phosphate was separated from fructose 
6-phosphate by descending paper chromato graphy using the GW3 
solvent of Wood (1968). The g lucose 6-phosphate was recover-
ed from the paper by elution with water and concentrated to 
5 . 0ml under reduced pressure using a Buchi rotary evaporator. 
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The glucose 6-phosphate solution was made up to a volume of 
10ml in a solution which was lOOmM Tris/HCl, lOmM Mg-Cl 2 pH 
10.4 and dephosphorylated by the addition of 20mg of 
alkaline phosphatase (EC 3.1.3.1; Sigma Chemicals; from 
. calf intestine; 2U/mg). The dephosphorylation incubation 
was maintained at 37° for 3 hrs and was terminated by the 
addition of 10ml of 0.6M HCI0 4 and the precipitated protein 
removed by centrifugation as above. The supernatant solution 
was de-ionized by passing through tandem columns (1.2 x 20cm) 
+ 
of Dowex 50 (H form) and Dowex 1 (x8, acetate form). The 
columns were washed with 100ml of water and the appropriate 
fractions were pooled and evaporated to near dryness in 
vacuo at 40° in a rotary film evaporator . 14 The C-labelled 
glucose solution was evaporated to near dryness 4 times 
following each of 100ml additions of distilled water to 
remove acetic acid. The solution was then concentrated to a 
final volume of 2.0ml. Enzymic ~nalysis of the glucose 
solution indicated that it was free from fructose. The 
specific radioactivity of the glucose \vas approximately 
l.7mCi/mmole and the yield was 60µCi. 
2.18 Growth conditions of L . mesenteroides 
Freeze-dried cultures of L . mesenteroides strain 39 
were obtained from the National Collection of Industrial 
Bacteria, Aberdeen, Scotland, U.K. (N.C .I. B. catalogue no. 
8699) and were grown at 30° on the media described by De Man 
et al . (1960). For complete and rapid degradation of gluc-
ose it was mandatory that the culture was harvested at the 
"vi gorously gassi ng" stage of growth (Sakami , 1955) whic h 
was towards the end of the exponential growth phase. 
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Measurements were made in a 250ml Erlenmeyer flask fitted 
with a 13mm diameter glass side arm which fitted into the 
cell housing Klett Summerson colourimeter (Section 2.5) 
the instrument was zeroed against sterile media contained in 
a similar flask. Subcultures, with 2% (v/v) inoculum were 
made from · cultures having a cell density between 215-240 
Klett units and harvesting of the final culture was carried 
out _at this same cell density. The time between inoculation 
and subculture or harvest was 7-9h, the ge neration time 
being shorter in the large r cultures, probably due to the 
more favourable conditions for gr o\vth of microaerophils. 
Cultures were harvested in a refrigerated Sorvall 
centrifuge (Ivan Sorvall Inc., Newtown, Connecticut, U.S.A.) 
using a GS-3 rotor. After washing twice in 1.0 M-NaH
2
Po
4 
buffer, pH 6.0, the total cell yield was suspended in the 
same buffer to give a concentration of 30% (w/v). 
2.19 Degradation of 14 C- g lucose 
2.19.1 Fermentation of g lucose with L . mesenteroides 
To variable amounts of g lucose obtained from 
glucose 6-P (by dephosphorylation), unlabell ed carrier 
glucose was added to g ive a fina l amount of 1 mmol and ferm-
ented at 30° to CO 2 , ethanol and lactic acid in 125ml 
Warburg flasks as described by Sakami (1955), the centre 
well containing 2ml of 2.5 M-NaOH to trap CO 2 (C-1 of 
glucose). A control containing no g lucose was included 1n 
each batch of fermentations, and specific radioactivities 
were corrected fo r any dilution indicated by th e yield of 
endogenous CO 2 , this constituted 2-4 % of that obtained from 
fermentation of 1 mmol of gl uco se . Approx . 5% of each 
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sample being fermented was retained so that a total combus-
tion (Van Slyke and Folch, 194 0) could be performed and 
hence the % recovery of label was able to be determined 
following the multi-stage d degradation procedure. Each 
batch of fermentations was also accompanied by a duplicate 
[l , 2 , 6- 14 c] g lucose standard of precisely known composition . 
After 3 . Sh the fermentation was complete. The 
contents of the centre well was quantitatively transferred 
into 5ml of 0 . 4 M-BaC1 2 . The contents of the main compart-
ment were centrifug ed (27 000 g £or 10 min), ethanol and 
lactic acid were then isolated £ram the supernatant fluid 
(Sections 2 . 19 . 2; 2.19.3) . 
2 . 19.2 Isolation of ethanol and conversion to acetic acid 
The supernatant solution obtained from the fermen-
tation reaction mixture (approx. 35ml) was adjusted to pH 
8 . 0 with 7. 5 M-NaOI-I and ethanol was separated from lactic 
acid by short path distillation . Ethanol, which was com-
pletely removed when 25ml of distillate had been collected, 
was oxidized (12h) to acetic acid in a stoppered flask by 
the addition o f 10ml of 4. 5M-II 2so 4 containing 1 7 mmol Cr0 3 . 
The acetic acid was recovered by steam distillation usin g a 
Markham still (Ma rkham, 1942). The distillate, approx. 300ml, 
was co 11 e c t e d di re ct 1 y in to 2 0 m 1 o f O • 1 f1, l - Na OH . The 
solution was concentrated to approx. 10ml in a rotary film 
evaporator at 50°, then transferred to reaction vessel B 
(100ml capacity) (Fig. 2. 2) and evaporated to dryness. 
2 . 19 . 3 Isolation of lactic acid 
The residue from the ethanol distillation (Section 
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2.19 . 2) was adjusted to pH 3.0 ~ith 5M-H 2so 4 , diluted to 
40ml and the lactic acid isolated by continuous liquid-
liqµid extraction (24h) with 300ml of freshly distilled 
diethyl ether (the receiver flask contained 20ml of water). 
The ether was evaporated from the receiver flask and the 
20ml of aqueous solution was steam distilled (1 vol.) 
(Markham, 1942) to remove volatile acids. The lactic acid 
which is non-volatile was adjusted to pH 8.0 with NaOH and 
evaporated to approx . 5ml in a rotary film evaporator at 
50°. 
2 . 19 . 4 Decarboxylation of lactic acid 
Lactic acid was decarboxylated by the method of 
Katz et al . (1955) to give CO 2 equivalent to C-4 of glucose . 
The reaction mixture was composed of 5ml of sodium lactate 
(Section 2.19.3), 2ml of 2.5M-H 2so 4 and 20ml of 0.33M-KMn0 4 
(freshly prepared). The H2so 4 was added first to the sodium 
lactate solution in vessel B (Fig. 2 . 2) and N2 swept through 
the system to remove CO 2 . . The CO 2 traps were then connected, 
the KMn0 4 added and the reaction mixture maintained at 90°C 
14 14 for 30 min. The CO 2 released . was trapped as Ba co 3 . . The 
alkaline BaC1 2 solution used to trap the CO 2 as BaC0 3 
(Fig. 
2.2) was composed of saturated BaC1 2-water-lM-NaOH (5:5:1, 
by vol . ) the solution was filtered under suction through 
Whatman no. 42 filter paper before use. 
Acetate (C-5 and C-6 of glucose) was recovered by 
steam distillation (Markham, 1942) of the permanganate 
solution; 300ml of distillate was collected into 20ml of 
0 . 1~1-NaOH. The sodium acetate was then evaporated to dry-
ness . 
fig. 2.2 Combustion train for the degradation of lactic 
acid, acetic acid, methylamine, glucose and 
ribose 
The combustion train was continuously flushed 
with N2 which was first passed throu gh a sparge (A) con-
taining lM-NaOil to remove any contaminant CO 2 . CO 2 result-
ing from the oxidation of the above compounds in the 
reaction vessel (B) (100ml capacity for Schmidt degradation 
and 500ml capacity for KMn0 4 oxidation of lactic acid and 
Van Slyke combustion) was swept throu gh two acid-permangan-
ate scrubbers (C) , [containing 4% (w/v) KMn0 4 in O. 25 
M-H 2so 4 J to remove so 2 and so 3 . The Li-tube (D) was packed 
with glass wool to prevent the transfer of water vapour 
droplets. The CO 2 traps (E) contained alkaline BaC1 2 . 
Temperature of the reaction vessel was maintained by either 
a thermo-regulated water-bath (F) or a Bunsen-burner in the 
case of the Van Slyke oxidation. 
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2 . 19 . 5 Decarboxylation of acetic acid 
Acetic acid was decarboxylated by the Schmidt ox1-
dation (Phares, 1951). Acetate from the decarboxylation of 
lactic acid (Se.ction 2.19.4) and acetic acid (C-2 and C-3 of 
glucose) yield CO 2 from the C-5 and C-3 respectively of the 
original glucose molecule. The reaction mixture consisted 
of sodium acetate, 2ml of 18 M-H 2so 4 -oleum (2:1, by vol.) 
and 200mg of activated NaN 3 .(Sakami, 1955 ) . The H2so 4 was 
first added to the sodium acetate (vessel B, Fig. 2.2) and 
the CO 2 flushed from the system with N2 . The reaction mix-
ture (vessel BJ was then frozen by immersion 1n liquid N
2
, 
sodium azide added and the flask reconnected to the combus-
tion train . The temperature of the reaction vessel was then 
raised to 70°c for 30 min and the 14 co 2 was collected as 
Ba
14
co 3 . The residual solution contained C-2 and C-6 of the 
original glucose as methylamine. 
2.19.6 Oxidation of methylamine 
On completion of the Schmidt reaction (Section 
2 . 19 . 5) the methylamine was recovered by steam distillation 
(Markham, 1942) after adding 20ml of 7. 5 M-NaOH. The methy-
lamine was collected into 20ml of 0.1~1-H 2so 4 after distil-
lation of two thirds of the volume. The methylamine hydro-
gen sulphate was concentrated to 1ml on a rotary evaporator 
then placed into reaction vessel B (500ml capacity) (Fig. 
2 . 2). Oxidation of methyl amine carbon 1.vas achieved by wet 
combustion at 150°C with 40ml of Van Slyke-Folch reagent 
(Van Slyke and Folch, 1940). 
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2.20 BaC0 3 samples · from deg radations 
Discs of Whatman no. 42 filter paper (functional 
area of 2 . 204 sq. cm) were used for collecting the BaC0 3 
precipitates. The discs were washed with 95 % ethanol, 
diethyl ether and wei ghed before use . BaC0 3 precipitates 
were deposited on the paper discs under suction, washed with 
CO 2 free water , 95 % ethanol arid diethyl ether. The discs 
were dried in v ac u o over CaC1 2 then equilibrated at room 
temperature before weighing on a Mettler HS micro balance. 
The dried BaC0 3 was then transferred to a scintillation vial 
and counted . 
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CHAPTER 3 
IN VITRO STUDIES OF THE PENTOSE PHOSPHATE PATHWAY 
3 .1 Prefatory comment 
If it is assumed that the pentose phosphate pathway 
1s essentially a sequence of reactions whose activity is 
concerned with biosynthesis, then it follows that hepatic 
tissues which are actively growing and proliferating should 
show an increased flux of carbon through the pathway 
relative to normal liver. One purpose of the experiments 
described 1n the following has been to identify those 
reactions of the pentose pathway at which regulation is 
exerted and to determine if any alterations in regulation 
are associated with cell proliferation in the 'growth' 
tissues. Three general methods have been proposed for the 
purpose of identifying reactions concerned with regulation 
(see Rolleston, 1972). The telelogical approach depends on 
the belief that control should occur early in the pathway 
and shortly after branch points in order to avoid long 
stretches of uncontrolled metabolism. Use of this approach 
simply requires inspection of the pathway and indicates 
that glucose 6-phosphate dehydrogenase and transketolase 
are likely candidates for re gulation. A second approach 1s 
based on the properties of enzymes, on the premise that 
enzymes exhibiting phenomena such as (1) changed maximum 
catalytic capacities when dietary or hormonal regimes are 
manipulated, (2) low activities in comparison with other 
enzymes of the pathway, or (3) activation or inhibition by 
other intermediates, represent likely control sites. In 
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this regard, glucose 6-phosphate dehydrogenase fulfills the 
criteria as a regulatory site in normal liver (Section 
1.2.1). On the basis of this logic, the maximum catalytic 
capacities of all the enzymes of the pentose phosphate 
pathway were measured in each of the tissues in an attempt 
to correlate changes in enzyme activity with potential 
changes in flux through the pathway. It is of note, 
however, that there is no obligatory link between these 
changes in the properties of enzymes observed in vitro and 
the conclusions that they infer and are presumed to apply 
in vivo . This approach only sho\vS that the enzyme has 
properties consistent with aspects of the theory of meta-
bolic control, not that it actually does control metabolism. 
In the third method, intact tissue preparations are sub-
jected to various treatments which allow different rates of 
flow through the metabolic pathway, this is followed by 
measurement of the steady-state concentration of inter-
mediates and the data used to deduce where sites of 
metabolic control exist . In the present studies, the 
"treatments" are partial hepatectomy, neoplastic transform-
ation and foetal growth , all of which result in increased 
cell proliferation and presumably increased rates of flow 
through the pentose pathway. Thus the steady-state concen-
trations of the intermediates of the perttose phosphate 
pathway were measured and their values analyzed in terms of 
regulatory site identification in the pathway and their 
potential influence on changes in pathway flux in each of 
the tissues under study. 
Other studies described in this chapter concetn the 
elucidation of the reaction sequence of the pentose 
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phosphate pathway in growing hepatic tissues. This work 
involves the comparative analysis of the carbon balance 
fo l lowing ribose 5-phosphate dissimilation by enzyme prep-
arations from the various tissues and measurement of the 
capacity of these enzymes to form hexose 6-phosphate from 
the L-type pathway intermediate D- glycero -D-ido-octulose 
1 , 8 bisphosphate . 
3 . 2 Development of transplantable tumours 
Age and weight-matched male Buffalo rats (8-10 
weeks of age and 150-200g-) received implants of either the 
7777 or s1·23c Morris hepatoma as detailed in Section 2.2. 
The growth of the tumours then proceeded as follows. After 
implantation at day -0, a period of time elapsed during 
which no tumour giowth was visible or could be detected by 
palpatation. When the tumour size exceeded 0.3cm 111 
diameter, however, it was easily palpated. The tumours 
reached this limit of size as indicated 111 Table 3.1. After 
the tumour had grown to this initial palpable size, the 
growth rate proceeded exponentially (Morris, 1975). The 
animals had usually developed metastases 111 the lungs near 
the end of the transplantation interval, by which time the 
tumour mass was 3 5 - 4 0 g wet weight (see Tab 1 e 3 . 1) . No 
gross metastases were visible before this time. The health 
of the host animals appeared to be normal during the trans-
plantation interval. This was monitored by coat appearance, 
feeding habits (stomach contents) and response to external 
stimuli . After this time the coat became dull, the animals 
lost body weight and gradually became less alert . This 
condition became chronically worse until death. At this 
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Table 3.1: Growth rates of transplantable tumours 
( a) (b) (c) (d) 
Tumour Palpable Transplantation Occurrence of 
Interval Death of Host 
5123C 20 days 2.5 - 3.0 months 3.0- 4.0 months 
7777 10 days 1.0-1.5 months 1.5-2.0 months 
(a) Details of tumours and methods of transplant-
ation are described in Section 2.2. 
(b) Tumours became palpable when they had 
exceeded 0.3cm in diameter. 
(c) The tumours were usually transplanted when the 
tumour had grown to 40 grams wet weight. The 
transplantation interval was defined as the 
time required for a tumour to grow to 40 grams 
wet weight after implantation. 
(d) Death of the host usually occurred when the 
total tumour weight had exceeded 50 grams. 
The times indicated refer to the intervals which 
had elapsed following implantation of the tumours. 
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time the ani~als exhibited extreme cachexia often having 
lost 40-50% of their body weight. 
3 . 3 Growth rates of tissues 
The four 'growth' tissues included in this study 
are shown in Table 3.2 in order of their relative rates of 
growth . The data of Table 3.2 was taken from Knox (1972) . 
It is seen that foetal liver is the most rapidly growing 
tissue followed by regenerating liver. The growth rates of 
the two hepatomas are significantly slower by comparison. 
In view of this data, it was considered that any growth-
related alterations in the pentose pho~phate pathway might 
be more easily demonstrated with foetal and regenerating 
liver than with either of the tumours. 
3.4 Enzyme activities 
The maximum catalytic capacities of all of the 
enzymes of the F-type and L-type pentose pathways except 
the phosphotransferase and arabinose 5-phosphate ep1merase 
enzymes were measured using 105,000g supernatant extracts 
prepared from 17-18 day foetal liver, 24h and 48h post-
operative regenerating liver, Morris hepatomas 7777 and 
5123C, host livers of the tumour-bearing animals and normal 
adult rat liver. The activities of these enzymes are given 
1n Table 3.3. The results are also shown as a percentage 
of normal adult liver activity for comparative · purposes and 
are illustrated in Fig. 3.1. Examination of the literature 
indicates that there is considerable variability in 
estimates of the activities of a number of the enzymes 
listed in TQble 3 . 3, ho,vever the values shown here for ac.lul t 
73. 
Table 3.2: Growth rates of foetal and regenerating livers 
and Morris transplantable hepatomas 7777 an<l 
5123TC 
---
Tissue b 1 ±so VO 
Foetal liver 0.218 
Regenerating liver 0.129±0.013 
Morris hepatoma 5123TC 0.013 
Morris hepatoma 7777 0.030 
Adult liver 0 . 000 
The relative growth rates of the above tissues 
are expressed as bvoi· The bvol is defined as the log 10 of 
the ratio of the tissue volume (or mass) on ' day tn+l to day 
tn during early linear growth. Rates for foetal liver were 
calculated from daily weights in 2 series of foetuses from 
the 14th day of gestation. Rates for regenerating liver 
were calculated from this tissue's linear exponential growth 
at 0-2 days post-operatively in 4 published series. all 
data in this table is taken from Knox (1972). 
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liver are in good agreement with those reported by Gumaa 
et al . (1969), Baquer and McLean (1972) and Baquer et al. 
(1976). The activities of these enzymes in sham-operated 
rats were not significantly different from those reported 
for adult liver (data not shown), these findings ar·e in 
agreement with the results of Weber e t al. (1974). 
3 . 4 . 1 Enzymes of the oxidative segment of the pathway 
The data of Table 3.3 and Fig. 3.1 show that the 
maximum catalytic capacity of glucose 6-phosphate dehydrog-
enase is elevated in all 'growth' tissues examined 
relative to normal liver. The activity of this enzyme in 
host livers is not increased and is significantly depressed 
in the liver of the 7777 tumour-bearing host. Hepatoma 
5123C shows the greatest activity followed by hepatoma 
7777 > 48h regenerating liver > foetal liver> 24h regener-
ating liver> normal liver> 5123C .host liver> 7777 host 
liver . Thus it appears that increased activity of glucose 
6-phosphate dehydrogenase is associated with cell prolifer-
ation, although it does not correlate with growth rate (see 
Table 3 . 2). The activity of 6-phosphogluconate dehydrogen-
ase was found to be relatively con~tant and near normal 
liver activity in all tissues except foetal liver where it 
is significantly lower than the value for normal liver. An 
interesting feature of the alterations in the activities of 
the two dehydrogenase enzymes is the ratio of 6-
phosphogluconate dehydro ge nase activity to glucose 6-
phosphate dehydrogenase activity. This ratio is 2.63 in 
adult liver whereas the ratio for foetal liver is 0.28; 
hepatoma 5123C, 0 . 36; hepatoma 7777, 0.40; 48h 
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T i s s u e  
E n z y m e  
2 4 h  R e g e n e r a t i n g  
4 8 h  R e g e n e r a t i n g  
A d u l t  L i v e r  
F o e t a l  L i v e r  
L i v e r  
L i v e r  
G l u c o s e  6 - p h o s p h a t e  
d e h y d r o g e n a s e  
1 3 . 1 1 ± 1 . 8 0 ( 7 )  
4 1 . 0 5 ± 1 . 7 5  
2 8 . 0 5 ± 0 . 6 2  
4 2 . 8 4 ± 0 . 9 4  
6 - p h o s p h o g l u c o n a t e  
· d e h y d r o g e n a s e  
3 4 . 5 5 ± 6 . 6 3 ( 7 )  
1 1 . 6 0 ± 2 . 1 5  
2 6 . 3 2 ± 2 . 1 9  
3 5 . 4 3 ± 2 . 8 4  
R i b  5 - P  i s o m e r a s e  
3 7 . 5 8 ± 3 . 2 1 ( 8 )  
4 3 . 8 7 ± 0 . 5 0  
3 7 . 9 6 ± 2 . 2 8  
7 6 . 9 2 ± 1 . 1 0  
R u  5 - P  e p i m e r a s e  
7 9 . 9 6 ± 7 . 0 5 ( 8 )  
4 8 . 6 6 ± 3 . 1 8  
8 2 . 6 6 ± 7 . 5 2  
7 9 . 7 6 ± 8 . 3 5  
T r a n s k e t o l a s e  
2 6 . 5 1 ± 2 . 5 1 ( 8 )  
1 1 . 5 1 ± 1 . 0 5  
1 8 . 5 0 ± 0 . 4 2  
1 4 . 4 4 ± 1 . 4 0  
T r a n s a l d o l a s e  
1 3 . 5 6 ± 1 . 1 7 ( 5 )  
8 . 4 8 ± 0 . 5 3  
9 . 4 1 ± 0 . 7 3  
1 4 . 8 1 ± 0 . 9 5  
A l d o l a s e  
4 1 . 8 6 ± 2 . 0 0 ( 5 )  
3 5 . 6 1 ± 3 . 5 7  
4 2 . 0 6 ± 3 . 5 7  
6 3 . 4 2 ± 3 . 5 1  
S o l u b l e  p r o t e i n  m g / g  
9 4 . 2 ± 8 . 5  
5 8 . 1 ± 0 . 6  
6 5 . 7 ± 0 . 6  
- - -
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T a b l e  3 . 3  ( c o n t i n u e d )  
E n z y m e  
G l u c o s e  6 - p h o s p h a t e  
d e h y d r o g e n a s e  
6 - p h o s p h o g l u c o n a t e  
d e h y d r o g e n a s e  
R i b  5 - P  i s o r n e r a s e  
R u  5 - P  e p i r n e r a s e  
T r a n s k e t o l a s e  
T r a n s a l d o l a s e  
A l d o l a s e  
P r o t e i n  r n g / g  
H e p a t o r n a  7 7 7 7  
9 8 . 3 3 ± 5 . 3 8  
3 9 . 3 9 ± 2 . 4 2  
8 . 2 7 ± 0 . 7 5  
1 5 5 . 9 2 ± 1 0 . 3 9  
3 3 . 6 7 ± 3 . 4 5  
2 4 . 9 9 ± 4 . 4 7  
3 5 . 1 6 ± 1 . 6 7  
6 6 . 3 ± 0 . 7  
H o s t  L i v e r  7 7 7 7  
6 . 8 2 ± 0 . 5 2  
3 3 . 5 1 ± 3 . 4 6  
2 9 . 3 1 ± 0 . 7 5  
1 2 2 . 3 3 ± 4 . 8 0  
2 7 . 5 7 ± 4 . 2 4  
1 1 . 8 0 ± 0 . 4 1  
3 8 . 9 3 ± 2 . 9 3  
7 8 . 2 ± 0 . 6  
H e p a t o r n a  5 1 2 3 C  
1 1 4 . 3 5 ± 1 7 . 0 2  
4 0 . 6 4 ± 5 . 1 5  
7 5 . 4 9 ± 6 . 2 1  
7 8 . 0 5 ± 8 . 8 2  
1 0 . 7 2 ± 1 . 0 5  
8 . 0 9 ± 1 . 6 2  
3 4 . 2 6 ± 3 . 0 9  
6 2 . 1 ± 0 . 8  
H o s t  L i v e r  5 1 2 3 C  
1 4 . 0 9 ± 2 . 1 3  
2 0 . 1 7 ± 2 . 1 9  
7 1 . 1 8 ± 9 . 9 8  
7 8 . 9 6 ± 9 . 4 1  
1 7 . 2 9 ± 2 . 3 6  
4 . 7 5 ± 0 . 9 9  
5 0 . 7 4 ± 6 . 8 3  
8 0 . 5 ± 0 . 9  
- - - . . J  
0 \  
Fig. 3.1 : The maximum catalytic capacities of enzymes of 
the pentose phosphate pathway in ' growth ' 
tissues relative to normal, adult liver 
The data of Table 3 . 3 was used to construct 
histograms showing the a~tivitics of the enzymes in f oetal 
(a), regenerating (b,c) and host (f , g) livers and hepatomas 
S123C (e) and 7777 (d) expressed as a percentage of the 
values measured in adult liver. For details of the assay 
procedures used see the legend to Table 3.3. 
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regenerating liver, 0.83; and 24h regenerating liver 0.94. 
Thus on the basis of maximum catalytic capacities alone , 
glucose 6-phosphate dehydrogenase activity would not be the 
rate-limiting enzyme in the 'growth ' tissues, although the 
in vivo regulation of this enzyme 1s considered to be com-
plex (see Section 1.2 _. l). 
3.4 . 2 Enzymes of the non-oxidative segment of the pentose 
pathway 
In contrast to the above ' ordered' trend seen in 
the activities of the two dehydrogenase enzymes in ' growth' 
tissues , the enzymes of the non-oxidative segment of the 
pathway do not appear to feature any ordered pattern. The 
interconversion of pentose 5-phosphates is accomplished by 
the enzymes ribose 5-phosphate isomerase and ribulose 5-
phosphate ep1merase. The chan ge s in the activities of 
these two enzymes 1n the two hepatomas are quite different. 
The 7777 hepatoma has a very low level of the isomerase 
enzyme and elevated epimerase activity, whereas the 5123C 
hepatoma shoHs a 2 fold increase in the activity of the 
1somerase enzyme and near normal levels of cpimerase 
activity (Fig . 3.1). The enzyme profile of 48h regenerat-
ing liver and host liver of 5123C tumour-bearing animals 1s 
similar to the 5123C hepatoma but 24h regenerating liver 
shows normal levels of these two enzymes. The host liver 
of the 7777 tumour-bearin g animal reflects the alterations 
seen 1n that tumour, an<l foetal liver has a further unique 
profile with less than adult l evels of epimerase and near 
normal levels of isomerase. It is difficult to perceive 
any metabolic trend, strategy or meaning in the deviations 
from no rm a 1 ad u 1 t 1 eve 1 s of th e s e two en z ym e s in ' g r o ,v th ' 
tissues. Further, the maximum catalytic capacities of 
these enzymes are seen to be in excess of the measured 
activities of the other enzymes of the non-oxidative seg-
ment of the pathway (except for 7777 tumour) suggesting 
that the changes in activity reported here do not influence 
metabolic flux through the non-oxidative segment of the 
pathway, · i.e. are not rate-limiting. 
The activities of transketolase and transaldolase 
are either decrease<l or in the normal range in all tissues 
examined except the 7777 hepatoma which shows a significant 
increase in transaldolase activity. The increased trans-
aldolase activity 111 this hepatoma has been previously 
reported by Weber et al. (1974) who also examined a number 
of other hepatomas (but not the 5123C) and concluded that 
increased transaldolase activity was characteristic of and 
specific for hepatic neoplasia. It is of note that both 
transketolase and transaldolase activities increase 111 
hepatoma 7777 and decrease in hepatoma 5123C, indicating 
that there is no malignancy-linked trend in the activity of 
these two enzymes. The activity of aldolase is similar to 
that seen in normal liver in all of the tissues examined. 
3.5 Measurement of " in vivo " intermediate concentrations 
"Freeze clamped" samples of tissues were taken and 
metabolites were extracted in perchloric acid as described 
in Section 2.7 . Quantitative estimates of the levels of 
intermediates were made by enzymic analysis (Section 2.8) 
and are reported in Table 3.4. Plots of the levels of 
intermediates as a percentage of the values found in norm o.l 
82. 
adult liver are shown in Fig. 3.2 (a-e) . The values in 
Table 3.4 for normal adult liver are in good agreement with 
tho s e o f W i 11 i ams e t a l . C 1 9 7 1 ) us in g rabbi t 1 i v e r and 
Baquer e t al . (1973) and Gumaa et al . (1968) using rat 
liver. 
3. 5. 1 Intermediates of the oxidative segment of the 
pentose pathway 
The data of Table 3.4 and Fig. 3.2 show a large 
variation in the tissue concentrations of glucose 6-
phosphcite, 6-phosphogluconate and pentose 5-phosphates 1n 
the ' growth ' tissues relative to normal liver. The only 
consistent feature observed in all tissues is a depressed 
(i.e. more reduced) NADP/NADPH ratio (Table 3.5). The con-
centrations of glucose 6-phosphate in the 'growth' tissues 
do not follow any pattern. The two most rapidly growing 
tissues, .i.e. foetal liver and 24h regenerating liver, 
contain approximately 3 times the normal liver concentra-
tion of glucose 6-phosphate whereas the hepatoma and host 
liver values are near normal and the concentration of 
glucose 6~phosphate in 48h regenerating liver is only 1/2 
that of normal liver. The concentration of glucose 6-
phosphate in tissues is a function of a number of variables 
includin g the rate of glucose phosphorylation, glycogen 
synthesis and degradation, gluconeogenesis , g lycolysis, 
glucose 6-phosphatase activity, and the activities of the 
oxidative and non-oxidative segments o f the pentose pathway. 
Thus alterations 1n the concentration of this intermediate 
alone in tissues is impossible to interpret in terms of 
metabolic flux through any of the above pathways. 
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( n m o l e / g  f r e s h  w e i g h t )  
M e t a b o l i t e  
N o r m a l  L i v e r  
H e p a t o m a  5 1 2 3 C  
. H o s t  L i v e r  
F o e t a l  L i v e r  
R e g e n e r a t i n g  L i v e r s  
2 4 H  
I  
4 8 H  
G l c  6 - P  
2 4 4 ± : 3 7  
1 9 6 ± 2  
2 4 5 ± 5 5  
6 0 8 ± 1 9  
6 2 9 ± 8  
1 1 6 ± 1 6  
6 - P G  
4 7 ± 9  
4 2 ± 7  
1 1 4 ± : 1 3  
- - -
2 7 ± 3  
1 7 + 1  
R u  5 - P  
5 7 ± 9  
7 ± 1  
1 0 ± 2  
6 2 ± : 4  
1 3 + 1  
2 4 + 2  
X l u  5 - P  
8 1 ± 1 5  
1 3 ± 2  
1 0 ± 1  
5 6 ± 7  
3 0 ± 3  
1 0  
R i b  5 - P  
3 8 1 ± 8 4  
2 3 ± 1  
8 3 ± 6  
3 9 4 ± 9 2  
1 8 5  ± 2  3  
1 2 0 ± : 1 9  
S e h  7 - P  
4 8 ± : 1 0  
1 2 ± 1  
8 8 ± 8  
9 0 ± 7  
7 6 ± 2  
3 5 ± 6  
T r i - P  
7 5 ± 8  
4 3 ± 2  
4 6 ± 6  
8 3 ± 1 4  
3 8 ± 3  
2 9 ± 3  
F r u  6 - P  
8 9 ± : 1 1  
3 0 ± 2  
5 0 ± 1 3  
3 4 ± 3  
1 0 3 ± 1 4  
3 3 ± 3  
F r u  l , 6 - P
2  
5 4 ± 7  
4 9 ± 7  
1 9 ± 3  
4 5 ± 1 2  
2 1 ± 4  
1 2 ± 1  
A T P  
1 , 3 7 7 ± : 2 7 0  
5 1 9 ± 5 4  
2 6 8 ± 2 0  
1 , 1 6 9 ± 1 6 0  
8 7 2 ± 3 0  
4 4 5 ± 4 0  
A D P  
7 4 1 ± 1 4 0  
4 8 2 ± 1 5  
6 0 6 ± 3 7  
4 2 5 ± 3 6  
7 5 0 ± 6 0  
7 2 2 ± 8 0  
A M P  
1 0 5 ± 3 0  
8 0 ± 2 6  
7 9 ± 8  
8 3 ± 4  
4 5 8 ± 4 1  
6 3 1 ± 2 8  
·  P y r  
9 8 ± : 2 0  
3 4 ± 4  
3 8 ± 5  
9 1 ± 1 4  
5 6 ± 4  
5 6 ± : 7  
L a c  
1 , 3 0 6 ± 1 6 1  
1 , 4 9 3 ± 8 1  
3 2 2 ± 3 9  
3 , 2 2 8 ± 1 9 0  
1 , 1 7 3 ± : 5 9  
9 2 4 ± : 3 4  
M a l  
7 5 ± 8  
1 9 6 ± 8 1  
2 6 7 ± 8 3  
5 6 7 ± 1 5  
9 2 7 ± 4 6  
6 1 6 ± 7 0  
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a n a l y s i s  o f  " f r e e z e  c l a m p e d "  t i s s u e s  a s  d e s c r i b e d  i n  S e c t i o n s  2 . 7  a n d  2 . 8 .  E a c h  v a l u e  i s  t h e  m e a n ± S E M  o f  a t  l e a s t  
t h r e e  d e t e r m i n a t i o n s .  
Fig. 3.2 (a-e): Concentrations of metabolites in foetal , 
regenerating, and host liver and hepatoma 
5123C relative to normal adult liver 
The data of Table 3.4 are plotted as a 
percentage of the normal adult liver concentrations of 
metabolites for each 'growth' tissue; (a) foetal liver , 
(b) 24h regenerating liver, (c) 48h regenerating liver , 
(d) hepatoma 5123C and (e) host liver of hepatoma 5123C 
tumour - bearing animals. Details of the enzymic analysis 
are described in Sections 2.7 and 2.8. 
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The steady-state concentration of 6-phosphoglucon-
ate is well below normal liver values in all tissues 
e~cept the hepatoma 5123C which is in the normal range and 
host liver of the 5123C tumour-bearing animal which shows 
a marked increase. The concentrations of the pentose 5-
phosphates are significantly reduced in all tissues except 
for the most rapidly growing tissue, foetal liver. 
The data of Table 3.4 was used to calculate the 
mass action ratios for the reactions catalyzed by glucose 
6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, 
ribose 5-phosphate isomerase and ribulose 5-phosphate epim-
erase. These ratios, together with the reported apparent 
equilibrium constants (Keq), are shown in Table 3.6. The 
comparison of mass action ratios with K values shows that 
eq 
the glucose 6-phosphate dehydrogenase catalyzed step is the 
only reaction far removed from equilibrium and suggests 
that the regulation of the oxidative segment of the pathway 
is largely determined by glucose 6-phosphate dehydrogenase 
activity in vivo in all the tissues studied. The regulation 
of flux by glucose 6-phosphate dehydrogenase occurs in spite 
of the significant increase in tl1e maximum catalytic 
capacity of this enzyme in the ' growth ' tissues, especially 
the hepatomas. All other enzymes are near-equilibrium in 
all tissues and are not considered to be regulatory. Thus 
in terms of the regulation of the oxidative segment of the 
pathway, perterbations in metabolism associated with cell 
growth and proliferation do not alter the major site of 
regulation of flux from glucose 6-phospl1ate to pentose 5-
phosphate. 
It is of interest to compare the intermediate 
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concentrations of hepatic 'growth' tissues with those from 
rat livers following starvation and refeedin g a hi gh carbo-
hydrate diet (Gumaa and McLean, 1968). Starvation followed 
by refeeding a high carbohydrate diet results in a large 
increase in the maximum catalytic capacity of glucose 6-
phosphate dehydrogenase and an increase in hepatic fatty 
acid synthesis and is therefore similar to the alterations 
from normal liver seen in the 'growth' tissues. Gumaa ind 
McLean (1968) reported the tissue concentration of glucose 
6-phosphate to be approximately 1/2 that of normal liver, 
the 6-phosphogluconate concentration to be increased by a 
factor of 1.3, and the levels of pentose 5-phosphates to be 
near normal values in the livers of these refed rats. These 
results are in direct contradiction to the intermediate 
concentrations reported here for 'growth' tissues. There is 
no correlation between the levels of the pentose pathway 
intermediates in growing hepatic tissues with those of rats 
under dietary conditions which could be interpreted to 
result in increased glucose c a rbon flux through the pentose 
pathway. However, since the concentrations of these inter-
mediates are influenced by numerous other factors aside 
from the pe~tose pathway, no definite conclusions re ga rding 
relative flux through this pathway can be made based on 
this data alone. The general conclusion to be drawn from 
this comparison is that stimulation of carbohydrate uptake 
with an end to fatty acid synthesis has no obvious r e lation-
ship to metabolic changes observed in the growth-promoted 
conditions observed here. 
,, 
'I 
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Intermediates of the non-oxidative segment of the 
pentose pathway 
Measurements of the tissue concentrations of the 
intermediates of the non-oxidative segment of the pentose 
pathway are incomplete since erythrose 4-phosphate, the 
octulose phosphates, heptulose 1,7 bisphosphate and 
arabinose 5-phosphate cannot be estimated by conventional 
enzymic analysis. The levels of free monomeric erythrose 
4-phosphate are very low in tissues due to the formation of 
dimers as discussed by Blackmore et al . (1976). The 
tissue concentrations of heptulose 7-phosphate are seen to 
be well above normal liver values in all tissues except the 
hepatoma 5123C and 48h regenerating liver both of which are 
significantly depressed (Table 3.4) . The concentration of 
triose phosphates are well below normal liver values in all 
tissues except for foetal liver. It is not possible to 
analyze these alterations in intermediate concentrations in 
terms of pentose pathway flux. However, it is noteworthy 
that no growth-related trend is found in the levels of 
these intermediates indicating that the metabolism of these 
sugar phosphates is varied and not dominated by demands 
related to biosynthesis in these 1 growth ' tissues. 
The mass action ratio of the transketolase reaction 
involving ribose 5-phosphate and xylulose 5-phosphate 
(Reaction F, Fig. 1.3) is not far removed from equilibrium 
(Table 3 . 5) and is not considered to be regulatory. The 
mass action ratio of the transaldolase reaction of the F-
type pathway could not be estimated since the erythrose 4-
phosphate concentration cannot be measured in liver 
(Paoletti et al . , 1979b). 
94. 
3 . 5 . 3 Adenine nucleotides and pyridine nucleotide ratios 
Estimates of the level s of adenine nucleotides were 
used primarily to determine the success of each individual 
" freeze clamp" preparation. The averaged results expressed 
as the "Atkinson energy charge" are shown in Table 3.6. 
The value for normal liver is in reasonable agreement with 
those calculated from adenine nucleotide values reported by 
Bergmeyer (1974). Total concentrations of adenine nucleo-
tides are seen to be significantly lower than normal liver 
values for the hepatoma, host liver and regenerating liver. 
The "energy charge" ratios indicate that the freeze clamp 
procedures reflect to a reasonable degree the in vivo con-
cen t rations of the intermediates in a reproducible manner. 
The free cytoplasmic NAD/NADH ratios are also 
shown in Table 3.5 for all tissues. These values were 
measured using the lactate dehydrogenase system as describ-
ed in Section 2.7. The value for normal liver is in good 
agreement with that reported by Williamson et al . (196 7). 
The values for all tissues indicate a more reduced redox 
couple except for the 5123C host liver which is signific-
antly more oxidized than normal liver. 
3 . 6 Ribose 5-phosphate metabolism 
An arbitrary but conventional method of determining 
the capacity of the enzymes of a tissue to utilize pentose 
5-phosphate via the non-oxidative segment of the pentose 
phosphate pathway is the measurement of the rate of hexose 
6-phosphate formation from ribose 5-phosphate. The 105,000 g 
dialyzed 'cytosol' supernatant preparation of foetal liver, 
24h regenerating and adult liver and of the Morris 
I 95. 
hepatomas 7777 and 5123C were incubated with ribose 5-
phosphate and enzymic analysis of the reaction products 
were made at various times as described in Sections 2.8 and 
2.9. Table 3.7 (a-e) shows the total amount of carbon in 
each of the identifiable intermediates at various incubation 
times. Each value is expressed as µC atom per mg of pro-
tein in the incubation. The data are also expressed as 
plots of the percentage of total carbon in each intermediate 
over the time-course of the incubation in Figs. 3.3 - 3.5. 
The rates of ribose 5-phosphate utilization, triose 
phosphate formation and hexose 6-phosphate formation were 
calculated from the data of Table 3.7 and are shown in 
Table 3.8. The amount of triose phosphate shown is the sum 
of glyceraldehyde 3-phosphate, dihydroxyacetone phosphate 
and fructose 1,6 bisphosphate. The amount of hexose 6-
phosphate is the sum of glucose 6-phosphate and fructose 6-
phosphate. 
The results of Table 3.8 show the rates of ribose 
5-phosphate disappearance to be rapid relative to the rates 
of triose phosphate and hexose 6-phosphate formation. It 
is of interest that the extremes in the range of rates of 
ribose 5-phosphate disappearance occur when enzymes from 
the two hepatomas are used, with the most rapid rate 
observed with enzymes from tl1e faster growing 7777 hepatoma. 
Thus it appears there is no malignancy-linked trend in the 
capacity of enzymes to catabolize ribose 5-phosphate, at 
least under these incubation conditions. It should be 
noted, however, that metabolism of ribose 5-phosphate by 
phosphoribosylpyrophosphate synthetase (EC 2.7.6.1) (the 
first enzyme in the utilization of ribose 5-phosphate for 
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Fig. 3. 3: Ribose 5-phosphate utilization by enzymes from 
normal, foetal , and regenerating liver and 
hepatomas 5123C and 7777 
The data of Table 3. 7 (a-e) were used to con-
struct a time-course showing the amount of substrate carbon 
present as ribose 5-phosphate over the initial 30 min of 
the incubation period. The amount of carbon as ribose 5-
phosphate is expressed as a percentage of the initial 
substrate carbon. The plots shown are (a) normal liver, • 
(b) O foetal liver, T 24h regenerating liver , (c) • 
hepatoma 5123C, ~ hepatoma 7777. 
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Fig. 3.4: The formation of triose-phosphate from ribose 
5-p11osphate by enzymes of nor~al, foetal and 
regenerating liver and hepatomas 5123C and 7777 
The data of Table 3 . 7 (a-e) were used to con-
struct a time-course showing the amount of carbon present 
as triose phosphate (glyceraldehyde 3-phosphate , dihydroxy-
acetone phosphate and fr uctose 1,6 bisphosphate) over the 
entire 2h of the incubation period . The amount of carbon 
present as triose phosphate is expressed as a percentage of 
the initial substrate carbon. The plots shown are (a) T 
normal liver, (b) 0 foetal liver, • 24h regenerating 
liver, (c) • hepatoma 5123C, ~ hepatoma 7777. 
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Fig. 3.5: The formation of hexose 6-phosphate from ribose 
5-phosphate by enzymes of normal, foetal and 
regenerating liver and hepatomas 5123C and 7777 
The data of Table 3.7 (a-e) were used to con-
struct a time-course showing the amount of carbon present 
as hexose 6-phosphate (glucose 6-phosphate and fructose 6-
phosphate) over the entire 2h of the incubation period. 
The amount of carbon present as hexose 6-phosphate is 
ex~ressed as a percentage of the initial substrate carbon. 
The plots shown are (a) normal liver,•(b) • foetal liver, 
o 24h regenerating liver, (c) J.. hepatoma 5123C, O 
hepatoma 7777. 
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T a b l e  3 . 8 :  
R a t e s  o f  r i b o s e  5 - p h o s p h a t e  d i s s i m i l a t i o n  a n d  f o r m a t i o n  o f  i n t e r m e d i a t e s  ( n m o l / m i n / m g  p r o t e i n )  
N o r m a l  L i v e r  
F o e t a l  L i v e r  
2 4 h  R e g e n e r a t i n g  
H e p a t o m a  5 1 2 3 C  
H e p a t o m a  7 7 7 7  
L i v e r  
R i b  5 - P  d i s a p p e a r a n c e  
2 4 3 . 0  
2 1 0 .  0  
2 2 1 . 1  
2 0 3 . 4  
3 1 3 .  2  
S e h  7 - P  f o r m a t i o n  
2 2 . 1  
1 0 . 1  
1 6 . 3  
9 . 4  
1 4 . 5  
T r i - P  f o r m a t i o n  
1 1 . 3  
8 . 4  
1 1 . 1  
7 . 6  
1 6 . 7  
H e x o s e  6 - P  f o r m a t i o n  
8 . 1  
6 . 8  
7 . 8  
6 . 2  
8 . 6  
T h e  d a t a  o f  T a b l e s  3 . 7  ( a - e )  w e r e  u s e d  t o  c a l c u l a t e  t h e  r a t e s  o f  r i b o s e  5 - p h o s p h a t e  d i s s i m i l a t i o n  a n d  t h e  
r a t e s  o f  f o r m a t i o n  o f  h e p t u l o s e ,  t r i o s e  a n d  h e x o s e  p h o s p h a t e s .  T h e  r a t e  o f  r i b o s e  5 - p h o s p h a t e  d i s a p p e a r a n c e  w a s  
d e t e r m i n e d  f r o m  t h e  d i f f e r e n c e s  i n  t h e  a m o u n t s  o f  r i b o s e  5 - p h o s p h a t e  i n  t h e  i n c u b a t i o n  a t  O  t i m e  a n d  2  m i n ,  t h e  r a t e  
o f  h e p t u l o s e  7 - p h o s p h a t e  a n d  t r i o s e  p h o s p h a t e  f o r m a t i o n  w e r e  d e t e r m i n e d  b y  t h e i r  a m o u n t s  i n  t h e  i n c u b a t i o n  a t  
1 5  m i n ,  a n d  t h e  r a t e  o f  h e x o s e  6 - p h o s p h a t e  f o r m a t i o n  d e t e r m i n e d  b y  i t s  a c c u r n r n u l a t i o n  i n  t h e  i n c u b a t i o n  a t  6 0  m i n .  
T h e  i n c u b a t i o n  c o n d i t i o n s  w e r e  a s  d e s c r i b e d  i n  S e c t i o n  2 . 9 .  
f - - 1  
C )  
~ 
1 • • 
1
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nucleotide synthesis) 1s prevented in these experiments due 
to the absence of ATP. The initial rate of ribose 5-
phosphate utilization shown in Table 3.8 was determined 
from the difference in the concentration of ribose 5-
phosphate at zero time and two min. As may be seen in Fig. 
3.3, the rate of ribose 5-phosphate disappearance is not 
linear over the time-course of the incubation. 
The rates of heptulose 7-phosphate and triose phos-
phate formation shown in Table 3.8 were calculated from the 
concentration of these intermediates at the end of 15 min 
incubation . The results show that foetal liver, 24h 
regenerating liver and hepatoma 5123C each have reduced 
rates of formation of both these sugar phosphates consis-
tent with the decreased activities of transketolase in these 
tissues. This trend, however, is not characteristic of 
'growth' tis3ues, :;ince the rate of formation of triose-
phosphate by enzymes from the 7777 hepatoma are increased 
relative to normal liver. This observation is consistent 
with the observed relative rates of ribose 5-phosphate 
utilization discussed above. The rates of he xose 6-phosphate 
formation follow the same patterns in tissues as those dis-
cussed for triose phosphate formation. 
Perhaps the most significant feature of the data of 
Table 3 . 7 is the inability to account f or a si gnificant 
percentage of the total carbon added to the incubation in 
the intermediates of the pentose pathway measured. The 
deficit of carbon varied somewhat over the time-course of 
the incubation and between tissues, however at all times 
and 1n all tissues, some 10-20 % of the initial substrate 
carbon could not be located in the intermediates measured, 
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i . e . the intermediates of the F- type pentose pathway. The 
similarity in the carbon deficit in all tissues with that 
of normal liver suggests the operation of the L-type pentose 
pathway in these tissues since this carbon deficit led to 
the discovery of the new L-type pathway intermediates 
(Williams et al ., 1978b; see Section 1.2.2). 
3 . 7 Utilization of D-glycero-D-ido octulose 1,8 
bisphosphate 
The capacity of the enzyme preparations from each 
of the tissues to utilize D-glycero-D-ido octulo se 1,8 
bisphosphate for the formati-on of hexose 6-phosphate was 
examined primarily as a test for the potential activity of 
the L-type pentose pathway in these tissues. D-glycero-D-
ido octulose 1,8 bisphosphate and altro -heptulose ?-
phosphate are substrates for the phosphotransferase reac-
tion (Reaction I, Fig. 1.3) . . The rate of hexose 6-phosphate 
formation from these substrate s may be seen to represent the 
activity of this enzyme if it is assumed that the al<lolase 
cleavage of altro -heptulose 1, 7 bisphosphate (Reaction H, 
Fig. 1.3) and the transketol ase reaction between erythrose 
4-phosphate and D-glycero-D-ido octulose 8-phosphate 
(Reaction F, Fig. 1.3) are not rate-limiting. The rates of 
hexose 6-phosphate formation are s hown in Table 3.9 for all 
tissues. The hi gh rate of h exose 6-phosphate formation 
from altro -hep tulose ?-phosphate alone was unexpected and 
is discussed in Chapter 8. Table 3.9 shows that all tissues 
examined utilize D- glycero-D-ido octulose 1,8 bisphosphate 
and altro-heptulose ?-phosphate · as substrates f or hexose 6-
phosphate formation. These results are taken to indicate 
Table 3.9 : 
Substrates 
107. 
Hexose 6-phosphate formation from D-glycero-D-
ido-octulose 1,8 bisphosphate and aZtro-
heptulose ?-phosphate by enzymes from normal, 
24h regenerating and foetal liver and 
hepatomas 5123C and 7777 
Normal Foetal Reg e n. 24h Hepatoma Hepatoma 
Liver Liver Liver 7777 5123C 
Octulose l,8-P 2 
+ heptulose 7-P 3.97 4.13 5.43 6.31 4. 6 7 
Oc.tulose l,8-P 2 0.00 0 . 00 0.00 0.00 0.00 
Heptulose 7-P 2.14 2.10 3.43 4.16 2.31 
Net rate of the 
phosphotrans-
£erase coupled 
reaction 1.83 2.03 2.00 2 .15 2.36 
Dialyzed 105,000g supernatant extracts 
prepared as described in Section 2.3 were incubated with 
D-glyc ero- D-i do -octulose 1,8 bisphosphate and/or heptulose 
7-phosphate at a concentration of 5 mil and the rate of 
hexose 6-phosphate determined as described in Section 2 .11. 
The rates are expressed as nmol/min/m g of protein and 
represent the mean of three determinations for each tissue. 
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that the phosphotransferase enzyme is active in each of the 
tissues examined . The activity of the phosphotransferase 
enzyme has been demonstrated in both directions using 
buffered acetone dried powders of normal, foetal and regen-
erating liver (Williams and Cortis, unpublished res~lts). 
3.8 Discussion 
The only consistent adaptive change in the enzyme 
activity profile observed in 'growth' tissues is the 
increased maximum catalytic capacity of glucose 6-phosphate 
dehydrogenase. It is significant that in this regard this 
enzyme is the only one examined which is far-removed from 
equilibrium based on the calculated mass action ratios 
(Section 3.5.1). Thus the only knciwn potential regulatory 
enzyme in the pathway is increased in activity and indi-
cates an increased capacity for pentose pathway flux in the 
'growth' tissues, especially where neoplasia is the growth 
condition . It is of interest that the only non-normal, 
non-growth tissue examined, i.e. host liver, does not show 
an increased activity of glucose 6-phosphate dehydrogenase. 
The increased maximum catalytic capacity of this enzyme in 
hepatomas has been reported to be a general charactertistic 
of hepatic neoplasia (Weber e t a l., 1974), and has been 
interpreted in terms of the molecular correlation concept. 
Briefly, the objective of the molecular correlation concept 
is the elucidation of the pattern of reprogramming of gene 
expression in neoplasia as it is manifested in the inform-
ation content revealed in the activity and behaviour of key 
enzymes , isoenzymes and metabolic pa th\vays. These key 
enzymes are categorized as being (i) pro gression-linked, 
jl 
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1.e. activities correlate with the degree of tumour malig-
nancy; (ii) transformation-linked, i.e. activities 
increase or decrease in all hepatomas or (iii) coincidental 
alterations, activities do not relate to malignancy (for a 
review of the current status of the molecular correlation 
concept see Weber e t al., 197 7). With respect to the pen-
tose phosphate pathway, Weber and co-workers argue that 
reprogramming of gene expression in hepatic neoplasia 
results in increased glucose carbon flux into pentose s~ 
phosphate. This proposal is based largely on the increased 
activities of glucose 6-phosphate dehydrogenase and trans-
aldolase in the spectrum of hepatomas examined by these 
workers. Both glucose 6-phosphate dehydrogenase and trans-
aldolase are considered to be transformation-linked enzymic 
markers of malignancy (Weber e t al ., 1977). The results 
reported here to do support this proposal for the following 
reasons: (i) the activity of glucose 6-phosphate dehydrog- . 
enase 1s increased in all growth tissues examined and not 
just the neoplastic tissues. These results indicate that 
the enzyme is growth-linked and not specifically 
transformation-linked; (ii) the activity of glucose 6-
phosphate dehydrogenase in viv o is under the control of a 
complex series of regulatory factors apart f rom the adapt-
ive changes in maximum catalytic capacity measured here 
(Section 1.2.1). Thus changes in activity measured in 
vitro do not necessarily indicate increased net flux from 
glucose 6-phosphate to pentose 5-phosphate in vivo ; (iii) 
the activity of transaldolase is decreased, not increased, 
in hepatoma 5123C indicating this enzyme 1s not 
transformation-linked; (iv) the role of transaldolase 111 
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the pentose phosphate pathway in hepatic tissues 1s ques-
tionable since it 1s not an enzyme of the L-type pentose 
pathway and is known to be inhibited by arabinose 5-
phosphate (K. = 70µM, Williams et al ., 1978b). Thus any 1 
alterations in the activity of this enzyme may not be 
reflected in flux through the pe ntose pathway if the L-type 
pathway is operative. 
There is no evidence to suggest a regulatory site 
1n the non-oxidative segment of the pentose pathway. On 
the basis of the results reported here, it does not appear 
that any of the non-oxidative enzymes examined respond in a 
characteristic fashion to gr owth situations. Novello et 
al. (1969) examined the effects of alloxan diabetes and 
insulin treatment, hypothyroidism, hypophysectomy, starva-
tion and diet on the enzymes of the pentose pathway in 
liver and concluded: "Thus in different hormonal and 
dietary conditions the response of the pentose pathway 
varies, no one pattern prevailing''. This observation, al-
thou gh failing to enlighten, 1s consistent with the results 
reported here. This failure to define or predict a consis-
tent trend in e nz yme activities may be due in part to the 
operation of the L-type pentose cycle in the se tissues and 
the lack of information re gardin g the properties of the 
arabinose 5-phosphate epimerase and the phosphotransferase 
enzymes. Further almost nothing is known about the effects 
of the L-type pathway intermediates on the catalytic 
activities of the other e n zymes of the pa thway . It 1s con-
sidered that any understandin g of the r eg ulation of flux 
throu gh the non-oxidative se gme nt of the pentose pathway 
must await clarification of these factors. 
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Studies of ribose 5-phosphate metabolism revealed 
differences in the rate of ribose 5-phosphate dissimilation, 
heptulose ?-phosphate formation and triose phosphate form-
ation in the various tissues (Table 3.8). However, there 
1s no growth-related or malignancy-linked trend in these 
alterations . It is considered that the rates of hexose 6-
phosphate formation from ribose 5-phosphate are not 
significantly different in the ' gr owth' tissues and there-
fore that the capacity of the non-oxidative segment of the 
pentose phosphate pathway as a whole is not altered 1n 
these tissues. 
The analysis of ribose 5-phosphate metabolism in 
terms of the carbon balance (Section 3.6) and the measured 
capacity of the enzymes of gr owth tissues to utilize 
D- glycero-D -i do octulose 1,8 bisphosphat~ for the forma tion 
of hexose 6-phosphate (Section 3.7) provide circumstantial 
evidence for the operation of the L-type pentose pa thway in 
all tissues examined . It is of note that a similar carbon 
balance study with th e enzymes of rat adipose tissue did 
not result in the carbon deficit shown in these studies and 
as such serves as a ne gative control (Blackmore, 1975). 
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CHAPTER 4 
14
c-ISOTOPE STUDIES WITH ISOLATED CELLS 
4 . 1 Prefatory comment 
The results of in vitro studies such as those des-
cribed in the preceding chapter can provide only limited 
information regarding the metabolism of glucose by tissues 
in general and the role of the pentose phosphate pathway 1n 
growth situations in particular. This is due in part to 
the incon1plete knowledge regarding the regulation of the 
non-oxidative segment of the pathway, and in part to the 
complexity of the regulation of flux throu gh the oxidatiie 
segment. Thus a large increase in the maximum catalytic 
capacity of the known regulatory enzyme of the pathway 
(glucose 6-phosphate dehydrogenase) such as that which was 
observed with both of the Morris hepatomas may not be 
accompanied by a corresponding increase in glucose 6-
phosphate to pentose 5-phosphate flux in vivo. The compil-
ation of data such as that presented in the preceding 
chapter is useful only in support of results from an 
alternative experimental approach. An alternative approach 
to investigating glucose metabolism, especially as it 
relates to the pentose phosphate pathway, involves the use 
of 14 c-isotopes. The general purpose of the series of 
experiments presented in this chapter 11as been to determine 
if any alterations in the direction and extent of gluc os e 
carbon flow occur in neopl.astic and regenerating liver 
tissue by following the fate of 14 c-isotope from specific-
ally labelled glucose as substrate for isolated cells. 
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Unfortunately the requirement for intac_t, metabolically 
viable and homogeneous isolated cell preparations for these 
studies has resulted in some limitation of the types of 
tissues which may be examined. Preliminary experiments 
showed that it was not practical to prepare isolated cells 
from the solid transplanted hepatomas. Although it was 
possible to prepare reasonably homogeneous cell prepara-
tions by hind quarter perfusion with collagenase followed 
by density gradient centrifugation using Ficol, the yield 
of cells prepared in this way was considered too small to 
be of use. For this reason the 5123TC hepatoma cells 1n 
tissue culture were used for all isotope experiments. The 
5123TC hepatoma was originally derived from the 5123C trans-
plantable hepatoma used in the in vitro work described 1n 
the previous chapter. It has been assumed that the enzymic 
and intermediate profile of these cells is similar to the 
solid tumour. Attempts to adapt the 7777 hepatoma to 
tissue culture in this laboratory were unsuccessful. Pre-
liminary experiments also indicated that preparation of 
isolated foetal liver cells was impractical. The difficul-
ty with foetal liver cells involved both the cell yield 
and homogeneity since the foetal liver contained a large 
number of erythropoietic cells. Adapting foetal liver 
cells to primary cultures to remove erythropoietic cells 
was not attempted . The results of the in vitro studies 
reported in the preceding chapter indicated no significant 
alterations in host liver pentose pathway metabolism and it 
was not considered relevant t6 continue studies with this 
tissue. Thus the experiments reported in this chapter and 
the remainder of the thesis are concerned only with studies 
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of the 5123TC hepatoma cells, 24h post-operative regener-
ating liver and normal adult liver cells. The choice of 
24h regenerating liver was made since DNA synthesis is 
reported to be maximal at this time (Bucher, 1963). 
It is emphasized that the 14 C-isotope studies re-
ported here were performed primarily to answer questions 
regarding the relative contribution of the pentose phos-
phate pathway or cycle and related metabolic events such as 
nucleic acid and lipid synthesis. It was not considered 
pertinent to this investigation to determine rates of gly-
coljsis or glyco ge nolysi s etc., although modifications or 
additions to the experimental procedures could have shed 
some light on these additional features of glucose metabo-
lism. 
4. 2 . Isolated cell preparations 
Isolated hepatocytes were prepared by the perfusion 
of isolated livers from normal, fed rats and 24h post-
operative hepatectomized rats wi th collagenase as described 
in Section 2.12. As the preparation of isolated cells from 
liver was a new technique in this department, it was con-
sidered necessary to establish that the cell preparations 
were metabolically viable. Three criteria were applied for 
this purpose: (1) trypan blue exclusion , (2) the concentra-
tion of adenine nucleotides and hexose 6-phosphates measur-
ed per g wet weight of cells and (3) the kinetics of 14 co 2 . 
release over a two hour incubation of the cell preparations 
with [l- 14 c] and [6- 14 c] glucos e . 
Freshly prepared hepatocyte s from both normal and 
24h re ge neratin g liver were consistently greater than 90 
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and 85% viable respectively as judged by trypan blue 
exclusion. The cell viability was monitored over a two 
hour incubation of the cells at 37° and was found to 
decrease less than 10% over this time-c·ourse. 
The concentrations of adenine nucleotides, glucose 
6-phosphate and fructose 6-phosphate were determined at the 
end of a lh incubation of freshly prepared cells at 37° as 
described in Section 2.7 . The concentrations expressed as 
nmoles/g wet weight are shown in Table 4.1. The .results of 
Table 4.1 are in reasonable agreement with the concentra-
tions of these intermediates in fresh tissue (Section 3.5, 
Table 3.4). These results suggest that the isolated cell 
preparations survive a lh incubation at 37° reasonably in-
tact. Krebs (1969) has shown that liver slices are par-
ticularly susceptable to lo ss of adenine nucle.otides and 
reported values of 500, 350 and 60 nmoles per g of tissue 
for ATP, ADP, and AMP respectively. Baquer et al. (1973) 
reported values of 1008, 95 and 157 nmoles per g wet weight 
of cells for ATP , ADP and AMP respectively for isolated 
hepatocytes after a lh incubation at 37° in the presence of 
20n~ glucose . No explanation for the very low levels of 
ADP was given . It is of not e that the increased levels of 
hexose 6-phosphates 1n regenerating liver tissue (Table 3 . 4) 
are also seen in the isolated cells after a lh incubation 
at 37° in the presence of 5mM g lucose. 
The production of 14 co 2 following the metabolism of 
[1- 14 cJ and [6- 14 cJ glucose by the isolated cell prepara-
tions is shown in Table 4.2 expressed as µcarbon atoms of 
glucose carbon per g of cells per hand in Fig. 4.1 over 
the time-course of a 2h incubation at 37°. The results 
I 
Table 4 . 1 : 
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Intermediate concentrations of is6lated 
hepatocytes 
Concentration (nmoles/g wet weiqht) 
Intermediate 
Normal Liver 24h Regen. Liver 
ATP 929±56 725 ±8 1 
ADP 496±38 605±42 
AMP 239±49 312±48 
Glc 6-P 309±31 625±82 
Fru 6-P 46±5 98±18 
Isolated hepatocytes were prepared by perfus-
ion of isolated livers from normal and 24h regenerating 
liver with collagenase as described in Section 2.12 and 
incubated in plastic vials in an oscillating water bath 
0 ( 180 o . p . m. , 3 7 ) for lh in Krebs- Ringer bicarbonate buffer, gas 
phase 0 2 :co2 , 95:5 ; with glucose 5mM final concentration. 
The incubation was terminated by centrifugi n g the cells 
gently and removing the supernatant fluid followed by the 
addition of ice cold HC10 4 as described in Section 2.7. 
The acid extract of the cells was neutralized with KOH sol-
ution and the concentrations of adenine nucleotides and 
hexose 6-phosphates were determined by enzymatic analysis 
(Section 2 . 8) . The results are expressed as nmoles/g wet 
weight of cells and are the mean±SEM of 4 determinations . 
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indicate that production of 14 co 2 from both labelled sub-
strates is nearly linear over the two hour incubation for 
all three cell preparations. These results show that each 
of the cell preparations were metabolically viable under 
these conditions with respect to g lucose metibolism. 
4.3 The incorporation of 14 c into co 2 from [1-
14 cJ 
and [6- 14 cJ glucose 
The results of Table 4.2 show the incorporation of 
14 C-isotope into CO 2 from [1-
14 cJ and [6- 14 cJ glucose by 
isolated cells from normal and 24h post-operative regener-
ating liver and hepatoma 5123TC. The results for normal 
liver are in reasonable agreement with those of Baquer e~ 
al. (1973, 1976) using liver slices although these workers 
used glucose at a concentration of 20rnM whereas the ex-
periments reported here were performed with the "physiolog-
ical" glucose concentration of SmM. It is of interest to 
compare the ratio of 14 co 2 production from [1-
14 cJ glucose 
relative to [6- 14 cJ g lucose (C-1/C-6 ratio). In hepato-
cytes from normal liver, the C-1/C-6 ratio is 1.9 (Table 
4.2). Baquer et al . (1973) reported a value of 1.5 for 
liver slices but a much hi gher ratio of 7.1 for isolated 
hepatocytes following incubation at 37° for lh with 20mM 
glucose. The increased ratio in hepatocytes was a result 
of both an increased production of 
cose and a decreased production of 
from [1- 14 cJ glu-
from [6- 14 cJ glu-
cose relative to liver slices. A repeat of the experiments 
of Baquer et al . (1973) failed to confirm this high C-1/C-6 
ratio in the isolated cell preparations used in this study. 
The addition of phenazine methosulphate (PMS) relieves the 
Table 4.2: . 14 14 The conversion of [1- C] and [6- C] glucose 
into 14 co 2 by isolated cells from normal an<l 
24h regenerating liver and hepatoma 5123TC 
Isolated hepatocytes from normal and 24h re-
generating liver were prepared by the perfusion of 
isolated livers with collagenase as described in Section 
2.12. Cell suspensions of hepatoma 5123TC cells were pre-
pared after harvesting the cells from tissue culture 
(Section 2.13). The cells were incubated in Krebs-Ringer 
Bicarbonate buffer, pH 7.4 containing SmM glucose, 0 .2 % 
fatty acid free-BSA and 10.0mM HEPES at a concentration of 
approx. 100mg wet weight of cells per ml, except the hepa-
toma cells which were incubated in growth media (Section 
2.13). The incubations were in glass scintillation vials 
with a centre well containing 0.5ml of 2N NaOH . The vials 
were sealed with rubber stoppers (Suba seals). The volume 
of cell suspension was 3 . 0ml to which 14 c-labelled glucose 
was added (approx. 0.2 µCi, specific radioactivity of 
14 14 [1- C] glucose was 24,450 d.p.m . /µmole and of [6- C] 
glucose 30,395 d.p.m./µmole). The incubations were at 37°c 
in a shaking water bath and were terminated by the 
addition of 1ml of 2N HCl through the Suba seals . The in-
cubation was then continued for a further hour and a sample 
of the NaOI-I solution taken for analysis of 14 co 2 by liquid 
scintillation counting. The results are expressed as 
µgram atom of gluccise carbon per h per gram wet weight of 
cells. The results represent the average 
determinations £or . each ce ll type. 
1 ±SEM of 5 
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Table 4.2: . 14 14 The conversion of [1- CJ and [6- CJ glucose 
· 
14 co b · d 11 £ d into 2 y isolate ce s -rom normal an 
24h regenerating liver and hepatoma 5123TC 
[1- 14 cJ Glucose [6- 14 cJ Glucose C-1/C-6 Cell 
Normal Liver 1.21±0.08 0.65±0 . 04 1.86 
24h Regenerating 
Liver 1.43±0.07 0.66±0.05 2.17 
Hepatorna 5123TC 2 . 08±0.12 0.20±0.03 10.40 
Fig. 4.1: The incorporation of 14 c into CO 2 following the 
. 14 14 
metabolism of [1- CJ and [6- CJ glucose by 
isolated hepatocytes from normal and 24h 
regenerating liver and hepatoma 5123TC cells 
14 . 14 The amount of (-isotope collected as CO 2 is 
shown. The results are expressed as µC atom of glucose 
carbon per g wet weight of cells . Details of the incuba-
tion conditions and collection of 14 co 2 are described in 
++ the legend to Table 4.2 except that Ca was omitted from 
the Krebs-Ringer Bicarbonate buffer in these experiments . 
++ The use of Ca - free buffer was employed to allow for a 
direct comparison of this data with that of Baquer et al. 
(1973). Plot A is the kinetics of 14 co 2 producti6n from 
14 . 14 [1- CJ glucose and Bis [6- CJ glucose. The cell prepar-
ations used are normal liver cells (0 ), 24h regenerating 
liver cells (6), and hepatoma 5123TC cells (A). The results 
shown are the average of three determinations in duplicate . 
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NADPH-induced inhibition of glucose 6-phosphate dehydrog-
enase and therefore its presenc.e is expected to stimulate 
. 14 14 
the production of CO 2 release from [1- CJ gl ucose. The 
addition of PMS at a concentration of 0.lmM resulted in a 
3.2 fold . . increase in the production of 14 co 2 production 
from [1- 14 c] glucose under the incubation conditions used 
in this study. Baquer et al . (1973) reported a similar 
3.6 fold increase in 14 co 2 production from [1-
14c] gl ucose 
with PMS using liver slices but only a 1.1 fold increase 
when their isolated cell preparation was subjected to the 
same conditions. No explanation for the failure to observe 
a PMS stimulation of 14 co 2 production was offered by Baquer 
et al. (1973). 
The C-1/C-6 ratios for regenerating liver and 
hepatoma 5123TC are 2.2 and 10.4 respectively. The 
increased C-1/C-6 ratio in the hepatoma is consistent with 
the observations of Ashmore et al . (1958) using the 
Novikoff hepatoma. It is also consistent with the hi gh 
levels of glucose 6-phosphate dehydrogenase activi t y in 
hepatoma 5123C (Section 3.4.1). It is of interest that the 
C-1/C-6 ratio for human foetal liver cells (strain HLM) is 
3.5 as reported by Crockett and Leslie (1963). These 
results suggest that an increased C-1/C-6 ratio is charac-
teristic of hepatic ' gr owth' states. However, the signifi-
cance of an increased C-1/C-6 ratio is difficult to 
interpret as discussed by Kat z and Woo-d · (1963) and in 
Sections 1.3 and 4.9. 
The data of Fig. 4.2 shows the kinetics of 14 co 2 
release from [1- 14c], [2- 14c], [s - 14 cJ and [6-14c] g lucose 
. , .. I.,. . . . . . . I. •• • • • ... ' ... -...... 1: ... ' .·: .' 1' . ,:. 
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by isolated hepatocytes from normal rats. The linearity 
of 14co 2 release is taken to reflect the metabolic viability 
of these cell preparations. The significant feature of the 
results shown in Fig. 4.2 is the greater rate of 14co 2 
production from [2- 14 cJ glucose compared with [s- 14 cJ 
glucose . This observation may be interpreted in two ways. 
If metabolism of glucose 6-phosphate occurs via the F-type 
14 . 14 pentose cycle, CO 2 production from [2- CJ glucose would 
14 be expected to be greater than that from [5- CJ glucose 
since 14c-isotope from carbon 2 of g lucose is redistributed 
into carbon 1 of reformed glucose 6-phosphate v~a this 
reaction sequence (see Fig. 1.2) and will be lost as 14 co 2 
on recycling. Alternatively, if the L-type pentose cycle 
operates in these cells, 14 co 2 production would still be 
predictably greater from [2- 14 tJ glucose since this 
reaction sequence results in 14c-isotope distribution into 
C-1 and C-3 of triose phosphate (Fig. 1.3) which would then 
be released as 14 co 2 via pyruvate decarboxylation and the 
tricarboxylic acid cycle. Baquer et al . (1973) reported 
14 14 the formation of CO 2 from [1- CJ pyruvate to be approx. 
three times that of [2- 14 cJ pyruvate by both isolated 
hepatocytes and liver slices. 
4.4 Glucose utilization by isolated cell preparations 
The concentration of glucose in the incubation 
- . . . . . 
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by isolated hepatocytes are shown. The incubation con-
ditions are described in the legenJ to Fig. 4 . 1 . The 14c-
14 labelled glucose used are (e), [1- CJ glucose; (•), 
[2- 1 4cJ glucose ; (o) , [s- 14 cJ glucose; (.~), [6- 14 cJ 
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media of isolated hepatocytes from normal and 24h post-
operative regenerating liver and hepatoma 5123TC at various 
times over a 2h incubation period are shown in Fig. 4 . 3 . 
.. 
It is clear that a relatively constant glucose concentra-
tion is maintained 1n the incubation medium and thus there 
1s no net utilization of g lucose during the time-course of 
·these incubations by hepatocytes, although 14 c-isotope is 
incorporated into CO 2 and other products of glucose metab-
olism. These results are in good agreement with those 
reported by Katz et al . (1975). The inability to demon-
strate net g lucose removal from the incubation media by 
hepatocytes and the consequences of this observation to the 
interpretation of 14 c-isotope studies in this chapter are 
discussed in Section 4 . 9 . In contrast to the hepatocytes, 
the 5123TC hepatoma cells do utilize glucose from the 
incubation media . The rate of glucose utilization calcu-
lated from the data of Fig . 4.3 is 30µmoles/h/g wet weight 
of cells and is seen to be nearly linear with respect to 
time over the 2h incubation period. 
4 .5 The incorporation of 14 c into lipid from [1- 14 cJ 
14 
and [6- CJ glucose 
The utilization of g lucose carbon for the synthesis 
of lipid by cells from normal and 24h re generating liver 
and hepatoma 5123TC was investigated by measuring the rate 
of incorporation of 14 c-isotope into the lipid fraction of 
cells following a 2h incubation at 37° Hith [1- 14 c] and 
14 [9- CJ glucose. The incubation conditions and isolation 
of the lipid fraction have been described in Section 2 .1 2. 
The results are shown in Table 4 . 3. The rate of 
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Changes in the glucose concentration of the 
incubation medium by cells prepared from normal 
and regenerating liver and hepatoma 5123TC 
Isolated cells from normal liver (0), 24h 
regenerating liver(~) and hepatoma 5123TC (• ) were incubated 
at 37° for 2h as described in Section 2.12. Aliquots of 
the cell suspensions were taken at the indicated times, 
deproteinated using perchloric acid and the glucose con-
centration determined enzymically (Section 2.8). The 
results shown represent the average of 3 determinations 
for each cell t ype . 
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incorporation of 14 c into lipid for normal liver is approx-
imately one third of the values reported by Baquer et al. 
(1973) however these workers used a 4 fold greater initial 
glucose concentration. A better comparison can be made by 
examining the relative incorporation of isotope into lipid 
from [6- 14 cJ and [1- 14 cJ glucose (C-6/C-l ratio). The 
C-6/C-l ratio for normal liver from Table 4.3 is 1.54 
which compares favourably with the value of 1.6 reported by 
Baquer et al . (1973) using isolated cells. The C-6/C-l 
ratio increased to 2.9 for regenerating liver and decreaied 
to 0.95 with the hepatoma cells. The interpretation of 
these alterations in the incorporation of glucose carbon 
into lipid are discussed in Sections 4.9.1 and 4.9.2 . 
4.6 The incorporation of 14 c into nucleic acids from 
14 14 [ 1 - CJ and · [ 6 - C] g 1 u cos e 
The synthesis of RNA and DNA from glucose carbon 
was measured by fo llowing the incorporation of 14 c into 
h 11 f 11 . l b 1· of [1- 14 c] t ese ce components o owing t1e meta o ism 
and [6- 14 cJ glucose . The incubation conditions were as 
described for the lipid studies and the RNA and DNA frac-
tions wer~ isolated as described in Sec tion 2.12. The 
results are given in Table 4.4. The data show that there 
is increased incorporation of 14 c (relative to norm al liver) 
into RNA and DNA by the 5123TC hepatoma cells and 
to a lesser extent by cells from re ge nerating liver. It 
is of interest that the C-6/C-l ratio in the nucleic acids 
1s appro ximately 1.3 in all tissues . The significance of 
this ratio in nucleic acids is discussed in a later section 
(4.9.2). 
Table 4.3: 
Cell 
Normal Liver 
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Incorporation of 14 c into lipid following the 
metabolism of [1- 14cJ and [6- 14c] glucose by 
isolated cells from normal and 24h regenerat-
ing liver and hepatoma 5123TC 
[1- 14 c] [6-14c] Glucose Glucose C-6/C-l 
o. 35 ±o. o4 0.54±0.10 1.54 
24h Regenerating 
Liver 0.20±0.02 0.58±0.03 2.90 
Hepatorna 512 3TC 1 . 40±0.17 1 . 33 ±0.16 0.95 
Isolated cells from normal liver, 24h regen-
erating liver and hepatoma 5123TC were incubated with SmM, 
[1- 14 cJ or [6- 14 c] glucose as described in the legend to 
Table 4 . 2 except that 5ml of cell suspension was used and 
14 2.5 µCi of C-labelled glucose was added. The incuba-
tions were for 2h and were terminated by the addition of 
5ml of 10 % (w/v) trichloroacetic acid. Isolation of the 
lipid fraction is detailed in Section 2.12. The results 
are expressed as µmoles of glucose carbon per gram wet 
weight of cells per hand are the mean±SEM of 5 determin-
ations. 
. , . . 
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Table 4.4: Incorporation of 14 c into nucleic acids 
following the metabolism of [1- 14 cJ and [6- 14 cJ 
glucose by isolated cells from normal and 24h 
regenerating liver and hepatoma 5123TC 
RNA 
Cell 14 14 [1- c] Glucose [6- c] Glucose C-6/C-l 
Normal Liver 0.10 ±0 .01 0 . 13±0.02 1.30 
24h Regenerating 
Liver o. 16 to . 02 0.20±0.04 1.25 
Hepatoma 5123TC 0.57 ±0.07 0 . 77±0.11 1.35 
DNA 
Cell 
[1- 14 c] Glucose [6 - 14 c] Glucose C-6/C-l 
Normal Liver 0 .07 ±0.01 0.09±0.02 1.29 
24h Regenerating 
Liver 0 . 09 ±0 . 02 0.11±0.02 1.22 
Hepatoma 5123TC 0.09±0.02 0.12±0.03 1.33 
Isolated cells from normal and 24h regenerat -
ing liver and hepatoma 5123TC were incubated with [1- 14 cJ 
14 
and [6- CJ g lucose as described in the legend to Table 
4.3 . The isolation of RNA and DNA fractions are described 
in Section 2.12. The result s arc expressed as µmole of 
glucose carbon per g wet weight of cells per hand are the 
mean±SEM of 5 determinations . 
I • • • • 
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4.7 The inco rpo rat ion of 14c into protein from [l-14CJ 
and [6_14C] glucose 
The data of Table 4.5 show the rate of incorpora-
tion of 14c from specifically labelled glucose into protein. 
These results show that relative to normal liver there is 
· d · · f 14 c · h · f an increase incorporation o -- into t e protein o 
hepatoma 5123TC cells but a decreased incorporation into 
protein in 24h regenerating liver cells. This latter 
result implies that protein synthesis from glucose carbon 
in regenerating liver cells is not stimulated at 24h at 
least in these incubation conditions. 
4.8 The relative distribution of 14 c in cellular 
components and CO 2 following the metabolism of 
[1- 14 cJ and [6- 14 cJ glucose 
The data of Tabies 4.2 to 4.5 have been combined 
· h f 14 c · to illustrate t e percentage recovery o -isotope in 
each of the products of glucose metabolism examined and is 
shown in Table 4.6. The significant features revealed by 
this analysis of the data are: (1) the very low % of glu-
cose recovered as 14 co 2 followin g the metabolism of 
14 [6- CJ glucose by hepatoma 5123TC; (2) the increased 
relative 14 c incorporation into RNA and DNA by 5123TC hepa-
toma cells and regenerating liver cells; (3) the increased 
percentage of isotope incorporated into lipid and protein 
by hepatoma cells relative to normal liver and (4) the 
decreased incorporation of isotope into protein by regener-
ating liver. A detailed analysis of the significance of 
these changes in the various tissues is presented in the 
following section. 
J 
Table 4.5: 
Cell 
Normal Liver 
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I · f 14 c · · f · ncorporation o into protein - allowing 
th e metabolism of [1- 14 c] and [6- 14 cJ glucose 
by isolated cells from normal and 24h regen-
erating liver and hepatoma 5123TC 
[1- 14 cJ Glucose [6- 14 c] Glucose C-6/C-l 
0.16±0.02 0.24±0.07 1.50 
24h Regenerating 
Liver 0.12±0.02 0.13±0.01 1.08 
Hepatoma 5123TC 0.30±0.04 0.36±0.05 1.20 
Isolated cells from normal and 24h regener-
ating liver and hepatoma 5123TC were incubated with 
14 14 [1- CJ and [6- CJ glucose as described in the legend to 
Table 4 . 3. The isolation of the protein fraction of cells 
is described in Section 2.12. The results are expressed 
as µmole of glucose carbon per gram wet weight of cells 
per hand are the mean±SEM of 5 determinations. 
/l 
Table 4 . 6 : 
Product 
Lipid 
RNA 
DNA 
Protein 
14 
Total C 
incorporated 
( µmol e/g/h) 
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. 
The relative distribution of 14 c into cellular 
components and CO 2 following the metabolism of 
[l - 14 cJ and [6- 14 c] 1 b · 1 d 11 g ucose y 1so ate ce s 
from normal and 24h regenerating liver and 
hepatoma 5123TC 
Percentage of Recovered 14 C 
'Nonnal Liver 24h Regen . Liver Hepatorna 5123TC 
[1- 14 c] [6- 14 c] [1- 14 c] [6-14c] [1- 14 c] [6- 14 c] 
Glucose Glucose Glucose Glucose Glucose Glucose 
64 39 72 39 47 7 
19 33 10 35 32 48 
5 8 8 12 13 28 
4 5 5 7 2 4 
8 15 6 8 7 13 
1 . 89 1 . 65 2 . 00 1.68 4.44 2.78 
The data of Tables 4.2 to 4 . 5 have been com-
bined and the percentage of the isotope recovered in each 
cell product calculated . 'The total rate of glucose 
incorporation into products was determined by adding the 
f 14 c - · d . T bl 4 2 4 5 rates o 1ncorporat1on reporte 1n a es . to .. 
131. 
4.9 Discussion 
The interpretation o f these 14C-labell ed glucose 
studies is exceedingly complex. The experiments described 
above were designed to detect differences in the direction 
of flow of glucose carbon in the various cell types and to 
establish whether or not there is notable variation in the 
flux of glucose 6-phosphate through the pentose phosphate 
pathway. To make these comparisons , the incubation condi-
tions and the calculations of results have been standard-
ized, however the different nature of the cells used in this 
study limit the interpretation of the results. In particu-
. lar, the glycogen content of the various cells makes direct 
· f h f 14c · · d comparison o t e amount o -isotope in pro ucts 
impossible. The data of Fig. 4.3 shows that there is no 
net utilization of g lucose during the experimental period 
by hepatocytes from either normal or 24h regenerating 
liver although there is significant net utilization by 
hepatoma cells. The failure of hepatocytes to utilize glu-
cose from the medium is presumably a result of glycogen-
olysis under the incubation conditions adopted. Glycogen-
olysis is an option which is not availab l e to hepatoma 
cells since they have only very low levels of glycogen . 
This assumption is supported by the data of _ Katz et al . 
(1975) who demonstrated a net rate of g l ycogen disappear-
ance of 24 wmol/h/lOOmg of protein in the absence of any 
changes in glucose concentration when cells isolated from 
livers of rats fed ad lihitum were incubated with glucose 
at a concentration of 20mM. The influence o f a large pool 
14 of glycogen in hepatocytes on the amount of C incorporat-
ed into products of g lucose 6-phosphate metabolism 1s 
13 .2. 
illustrated in Scheme 4 . 1. Hepatocytes from normal liver 
contain a large pool of unlab elled glucose 6-phosphate 
precursor ~ i.e. glycogen. In the incubation conditions 
used in these experiments, the unlabelled pool grea tly 
exceeds the pool of 14 C- gl ucose in the incubation media and 
the resulting specific radioactivity of the glucose 6-
phosphate will clearly depend on the relative rates of gly-
cogenolysis and phosphorylation of gl ucose. The amount of 
14
c-isotope in reaction products of gl ucose 6-phosphate, 
i.e. CO 2 , l ipid etc. , will also be dependent on these 
f t Tl . f h f 14 C · 
-ac ors. 1us comparisons o t e amount o -isotope in 
normal and regenerating liver may be misleading since the 
size of the g lycogen pool is reduced in regenerating liver 
and the balance of the two g lucose phosphorylating enzymes 
(hexokinase and glucokinase) is also altered in this tissue 
(Section 1.4.2). Comparisons with hepatoma cells are 
obviously influenced by glycogenolysis since the hepatoma 
cells contain very little glycogen and do show net utiliza-
tion of g lucose from the incubation medium. It should be 
noted that use of g l ycogen-depleted cells (i.e. from 
starved rats) cannot overcome this problem since in this 
case the cells are very actively synthesizing glucose and 
h · · f 14 c · · b 1 · · d t e incorporation o -isoto~e into meta o 1c 1nterme -
iates under similar incubation conditions is much r educed 
(Katz et al ., 1975). 
It is emphasized that although the results presen-
ted in this chapter are expressed as µmoles of glucose 
carbon incorporated into products/h/g wet weight, the se 
calculations were based on the specific radioactivity of 
the substrate g lucose in the incubation and may not reflect 
Scheme 4 .1: 
15 µmole 
14c- labelled 
Glucose 
The influence of g lyco geno lysis and glucose 
phosphorylation on the spec i fic radioactivity 
of g lucose 6-phosphate 
ATP ADP 
60·5 JJ mole 
Glycogen ! 
Glc· 6-P 
pool 
Glu 1-P 
metabolism 
Glucose 6 phosphatase 
..___ ___ 14co2 
14c 1· ·d 
- 1p1 
etc 
The scheme shows the effect of glycogenolysis 
on the dilution of the specific radioactivity of gl ucose 6-
phosphate under the incubation conditions used in these 
experiments . The example used is th e 3ml incubation of 
14 14 cells for CO 2 studies which contained lSµmole of C-
labelled glucose and approx . 250 mg wet weight of cells. 
The 60.Sµmole of g lucose equivalent in glycogen was calcu-
lated based on a glycogen content in normal liver of 
242µmoles/g fresh weight (Knox, 19 72) . It can be seen that 
the pool of unlabelled g lucose 6-phospl1ate precursor is 4 
14 times as large as the C-labelled pool . The specific 
radioactivity of the g lucose 6-phosphate must then be a 
fu nction of the relative rates of phosphorylation and of 
glycogenolysis . In the case of 24h regenerating liver the 
g lyco ge n pool size is approx . 28µmoles . 
I . 
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the specific radioactivity of glucose 6-phosphate in the 
different cells. Thus the values cannot be compared 
directly with each other. For example, the values for 
14
co 2 production from [l-
14 cJ glucose are 1.21 and 2.08 
µmoles/h/g wet weight for normal liver and hepatoma cells 
respectively (Table 4.2), however this does not indicate 
that nearly twice as much glucose 6-phospate is decarboxy-
lated at carbon 1 in hepatoma cells compared to normal 
liver since the specific radioactivity of glucose 6-
phosphate in these two cell types is not necessarily the 
same. 
Although it is not possible to make direct compari-
sons between the different cell types in terms of rates of 
· · f 14c · d f 1 b 1 · incorporation o · into pro ucts o g ucose meta o ism, 
some qualitative insight into glucose metabolism by these 
cells may be gai ned by an examination of the relative dis-
.b . f 14 c . . f (T bl tri ution o -isotope in terms o percentages a e 
4.6) and by comparing the relative incorporation of isotope 
from [1- 14c] and [6- 14 cJ glucose. These analyses are 
presented in the following sections . 
4.9.1 Analysis of the distribution of 14 c 111 various 
cell components and CO 2 . 
The data of Table 4.6 indicates that the grea test 
proportion of 14 C-isotope from both [1- 14 c] and [6- 14 cJ 
glucose is recovered in CO 2 and lipid following metabolism 
of these substrates by isolated hepatocytes and there is 
very little difference in this pattern for regenerating 
liver cells. The metabolism by the tumour cells, however , 
is significantly different with only 9% of the recovered 
,, 
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14 isotope found in CO 2 when [6- CJ glucose is the substrate. 
h bl d · 1 14 o c1 · f [6 14 cJ Te nota e ecrease 111 t e C 2 pro uct1on - rom -
glucose in hepatoma 5123TC 1s accompanied by a marked 
increase in the proportion of isotope incorporated into 
lipid, RNA and DNA. This observation implies that metabo-
lism of glucose by the hepatoma cells is characterised by 
a decreased activity of the tricarboyxlic acid cycle and 
increased synthesis of lipid and nucl eic acid relative to 
the flow of glucose carbon in normal liver. The data for 
24h regeneratin g liver also demonstrates an increased 
relative incorporation of 14 C-isotop e into RNA and DNA but 
not into lipid in spite of the observation of Gove and Hems 
(1978) that de novo fatty acid synthesis is increased in 
this tissue. 
It is of interest to compare the results of Table 
4.6 with those of Crockett and Leslie (1963) who studied 
human-foetal-liver cells (Strain HLM). These workers . grew 
the foetal liver cells in culture for 48h with [1- 14 c] and 
[6 - 14 cJ g luco se and fractionated the cells to measure the 
incorporation of 14 c-labelled giucose carbon into nucleic 
acids, lipids, proteins and acid soluble compounds as well 
as CO 2 . When their data 1s re-examined in terms of the 
cell components measured 1n this study the distribution of 
isotope is as fo llow s : 
% of 14c . -isotope from : 
Component [l-14C] g lucose [6-14C] glucose 
CO 2 64 30 
Lipid 13 32 
RNA 10 18 
DNA 3 5 
Protein 10 15 
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Comparison of this data with that given in Table 4.6 shows 
1 · h h f 14 c · d. · genera agreement wit t e pattern o -isotope istri-
bution found in the cells studied here. The alterations 
from normal liver are a decreased incorporation into lipid 
from [1- 14 cJ glucose and increased incorporation into RNA 
from both [l- 14 cJ and [6- 14 cJ glucose. Thus the qualitat-
ive pattern is similar to that seen in regenerating liver. 
However, quantitatively the incorporation of isotope into RNA 
more closely resembles the hepatoma 
decreased incorporation of 14 c into 
5123TC, and the 
14 CO 2 from [6- CJ glu-
cose suggests a less active tricarboxylic acid cycle in 
these cells. It is of note that these cells in culture do 
show a net utilization of glucose, i.e. glucose is a good 
substrate for foetal liver cells. 
4.9.2 Differences in recovery of 14 c followin g the 
metabolism of [1- 14 cJ and [6- 14 cJ glucose 
h . . f 14c . . I Te incorporation o -isotope into t1e various 
cellular components and CO 2 followin g the metabolism of 
[1- 14 cJ and [6- 14 cJ g lucose by cells (Tables 4.2 to 4.5) 
can be analyzed in terms of the r e lative activity o f the 
pentose phosphate pathway or the pentose cycle since the 
oxidative segment of the pathway 
glucose 6-phosphate but not from 
' 
. 14 14 yields CO 2 from [1- CJ 
[6- 14 cJ glucose 6-phosphate. 
It is emphasized that values for the quantitative partici-
pation of the pentose cycle relative to other pathways of 
glucose metabolism cannot be accurately determined from the 
data presented in this chapter (see Sections 1.3 and 4.9.3), 
however, some qualitative comparisons between tissues can 
be made. 
I / 
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The yield of 14 co 2 from [1-
14
cJ glucose exceeds 
that from [6- 14 cJ glucose in all three cell types examined 
(Fig. 4.1) . This observation is taken to show that an 
active oxidative segment of the pentose pathway operates 
in all of these tissues. The ratio of 14 co 2 production 
from [1- 14 cJ glucose relative to that from [6- 14 cJ glucose 
(i . e . the C-1/C-6 ratio) is an indicator of the relative 
activity of the oxidative segment of the pentose pathway 
and the tricarboxylic acid cycle. The ratios are 1.86 for 
normal hepatocytes, 2.17 for regenerating liver and 10 . 4 
for hepatoma 5123TC. These ratios indicate that the 
hepatoma cells show a greater degree of oxidative 
decarboxylation via the oxidative segment of the pentose 
pathway relative to the tricarboxylic acid cycle than either 
normal or regenerating liver. It is emphasized that 
diifercnces in the C-1/C-6 ratios in CO 2 depends largely 
(but not exclusively) on the oxidative segment of the 
pentose pathway rather than the complete pentose cycle, but 
is not an absolute indication of actual flux increase 
through the pentose pathway since the ratio is also a re-
flection of the activity of tl1e tricarboxylic acid cycle. 
The incorporation of 14 C-isotope into lipid from 
[l - 14 c] and [6 14 c] 1 1 b · t t d - g ucose may a so e in erpre e in 
terms of the activity of the pentose phosphate pathway. 
14 C-labelled triose phosphate will be formed from [6- 14 cJ 
glucose by both the glycolytic and the pentose phosphate 
pathways whereas 14 C-labelled triose pl1osphate will be 
· 14 formed from [1- CJ glucose only via the glycolytic pathway. 
In the presence of an active pentose pathway, the incorpor-
ation of 14 c-isotope will be greater from [6- 14 c] glucose 
138. 
than [1- 14 cJ glucose, i.e. the C-6/C-l ratio in lipid will 
be greater than 1 (note , in terms of the L-type pathway 
this is only valid if there is equilibration of triose 
phosphate pools, see Section 1.3.2). Thus the activity of 
the pentose pathway relative to the glycolytic pathway may 
be compared - for each cell type by examining the C-6/C-l 
ratio in lipid. The ratios are 1.54 for normal liver , 2.86 
for 24h regenerating liver, and 0.95 for hepatoma 5123TC. 
These results imply a more active pentose pathway in regen-
erating liver than normal liver and no pentose pathway 
activity for hepatoma 5123TC. The C-6/C-l ratio for hepa-
toma 5123TC appears to contradict the implications of the 
C-1/C-6 ratio in CO 2 discussed above. However, it must be 
remembered that the C-1/C-6 ratio is a qualitative assess-
ment of the oxidative segment of the pentose pathway 
relative to the tricarboxylic acid cycle whereas the C-6/ 
C-1 ratio in lipid is an indication of the relative rates 
of net triose-phosphate formation v~a the glycolytic and 
pentose phosphate pathways. Thus the apparent contradic-
tion is solved if it is assumed that the activity of the 
tricarboxylic acid is low and the activity of the glycoly-
tic pathway is high in hepatoma 5123TC. An alternative 
explanation for the failure to detect any difference in the 
amount of 14c-isotope incorporated into lipid of hepatoma 
cells from [1- 14 c] and [6- 14 cJ glucose is the influence of 
14
c · h . If h f h 
-isotope exc ange reactions. - t e rate o t ese 
exchange reactions is rapid relative to the flux of carbon 
throu gh the pentose 
pentose 5-phosphate 
14 phosphate path1vay, then C-labelled 
will be formed from [l- 14 cJ glucose and 
the dilution effect on the specific radioactivity of 
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triose-phosphates would not be observed. Examples of such 
exchange reactions are discussed below. 
Th . . f 14 . e incorporation o - C-isotope into nucleic acids 
from [1- 14 cJ and [6- 14 cJ glucose is a useful indicator of 
the contribution of the oxidative segment of th e pentose 
pathway to pentose 5-phosphate formation relative to the 
· · f 14c · h · d/ activity o -isotope exc ange reactions an or the 
reversal of the non-oxidative s~gment of the cycle. When 
14 [1- CJ gluc.ose is the substrate, the pentose 5-phosphate 
formed by the oxidative segment of the pentose pathway will 
be unlabelled whereas 14 C-labelled pentose 5-phosphate is 
formed from [6- 14 cJ glucose. The data of Table 4.4 show 
that the C-6/C-l ratio for RNA and DNA is approximately 1~3 
in all cells. This data suggests that the pentose 5-
phosphate incorporated into nucleic acid is not formed 
primarily by the oxidative segment of the pentose pathway 
and is consistent with similar studies by Gumaa and McLean 
(1969) using Krebs ascites cells, Kit et al. (1957) using 
lymphatic cells and tumours, Hiatt (1957) using HeLa cells, 
Schneider and Potter (1957) with regenerating liver, and 
Schmitz et al . (1954) usin g the Flexner -Jobling carcinoma . 
These workers interpreted their results as indicating that 
a significant proportion of the ribose 5-phosphate moiety 
of nucleic acid was formed by reversal of the non-oxidative 
segment of the pentose pathway. However, this interpreta-
tion may be misleading since measurements of the incorpor-
ation of 14c-isotope into products often does not measure 
flux of carbon, but rather exchange of isotope. There is 
good evidence that in vitro the flow of carbon is from 
pcntose 5-phosphc1te to hc xosc 6-phosphate. Williams and 
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Blackmore (unpublished results) incubated 14 c-labelled glu -
cose 6-phosphate and fructose 1,6 bisphosphate (as a source 
of triose p_hosphate) with a rat liver enzyme preparation and 
showed only 4 to 6% of the 14c-isotope associated with 
pentose 5-phosphatc . These results clearly demonstrate 
that , at least in vitro, the contribution of the non-
oxidative segment of the pentose phosphate pathway to net 
pentose 5-phosphate formation is very small. The alternate 
explanation for the very low C-6/C-l ratios found 1n nuc-
leic acids is the operation of 14 c-isotope exchange 
reactions in which there is no net flux of carbon. Examp les 
of such exchange reactions which would result in 14 c 
14 incorporation into p~ntose 5-phosphate from (1- CJ glucose 
or hexose 6-phosphate are shown in equations 4.1 to 4.3 all 
catalyzed by transketolase. 
[l-14CJ Fru 6-P + Xlu 5-P [l-14 C] Xlu 5-P + Fru 6-P (4.1) 
[3_14C] Gra-P + Xlu 5-P [5-14CJ Xlu 5-P + Gra-P C 4. 2) 
[l-14CJ Seh 7-P + Xlu 5-P ~ [l-14CJ Xlu 5-P + Seh 7-P ( 4 . 3) ~ 
14 The [3- CJ glyceraldehyde 3-phosphate of equation 4. 2 is 
formed from [1- 14 c] fructose 6-phosphate via the glyco lytic 
pathway (see Reactions A, B and C of Scheme 5 .II). The 
[l- 14 cJ h 1 7 h l f . 4 3 b f d e pt u o s e - p o s p 1 ate o e qua t 1 on . may e o rm e 
f h d 1 d . b r_1_14CJ . ram t e transal olase cata yze reaction etween 1. 
fructose 6-phosphate and erythrose 4-phosphate which yie lds 
[1- 14 cJ heptulose 7-phosphate and glyceraldehyde 3-phosphate. 
Although the net synthesis of pentose 5-phosphate 
v~a reversibility of the non-oxidative segment of the pen-
tose pathway (either the F-type or the L-type) 1s low, the 
action of this series of reactions may be considered to 
( , , •,, , , , •,, , , • • J,, f , •If I ' . . . - . 
~!"t t, .... s U;~~~- , • I ' , , , , , I , , • 1 • , I , • 
141. 
constitute a cycle through which a significant amount of 
14c . b . d . 
-isotope may e incorporate into pentose 5-phosphate 
in the absence of net synthesis. The operation of this 
exchange cycle is best illustrated in Scheme 4.2 which 
shows hypothetical rates of the flow of carbon through the 
oxidative and hon-oxidative segments of the pentose path-
way and into nucleic acids. The Scheme shows a net flux 
of glucose carbon in the forward direction of the pentose 
cycle of 9, however the pentose 5-phosphate pool will con-
tain a significant amount of 14 c-isotope even when [1- 14 cJ 
glucose is substrate as a consequence of the rapid rate of 
the 14 c exchange cycle (Reactions Band D) relative to the 
f 1 f b Th f 14 C . . h net ux o car on. e amount o -isotope 1n t e 
nucleic acids will reflect the amount of isotope in the 
pool of pentose 5-phosphate. This amount will be determin-
ed by the inflow of isotope from the exchange cycle plus 
the inflow from the oxidative segment of the pentose path-
way when [6- 14 cJ glucose is substrate but will _ be equal to 
the inflow via the exc}1ange cycle only when [1- 14 cJ glucose 
is used. In the example illustrated in the Scheme 4.2 it 
would be difficult to detect any difference in the amount 
. 14 14 
of isotope from [1- CJ and [6- CJ g lucose. The important 
distinction is that the 14 c exchange reactions do not 
represent net carbon flux, and therefore it is 1n error to 
conclude that a significant proportion of pentose 5-
phosphate has been formed via the non-oxidative segment of 
the pentose cycle, although it may be true that a signific-
ant proportion of 14 c-isotope is incorporated into pentose 
} J . 14 h . 5-p1osp1ate V&a C-exc ange reactions. The observation 
that there is a very little difference between the 
"""l'~•: j ti;?~!_. ,•, • , ' • •' '
1 
, '.' • ' 1 • • • • ,
1
, 4 ·, . ,
0
,
0
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The role of 14 c exc hange 1n the labelling of 
pentose 5-P 
(A) 
Tri-P 
POOL 
~"------, 10 JJmoles CO2 
100 fJmoles PS 
formed 
(B) 
10 tJmoles PSP 
-~--
P5P (C) 
POOL 
109 µmoles PSP 
converted to 
Tri-P and H6P 
1 µmole 
Pentose 
of 
Nucleic 
Acid 
The scheme shows the conversion of lOµmoles 
of g lucose 6-phosphate to pentose 5-phosphate via the 
oxidative segment of the pentose pathway (A). A further 
lOOµmoles of pentose 5-phosphate is formed by non-oxidative 
reactions (B) . One µmole of the pcntose 5-phosphatc is 
utili zed for nucleic acid synthesis (C) and 109µmoles of 
pentose 5-phosphate is metabolized vi a the non-oxidative 
segment of the pentose pathway to yield hexose 6-P and 
triose-P (D) . The net flow of carbon is from pentose 5-P 
to hexose 6-P , however with 14 C-labelled glucose the 14 c 
incorporation into pentose and therefore nucleic acids will 
be more in fluenced by the non-oxidative pathway than the 
ox i da ti ve path\\' a y . The con c e rte d a c ti on o f the re actions 
14 Band D represent the C-exchange cycle . 
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incorporation of 14 c-isotope into nucleic acids from 
14 . 14 [1- CJ and [6- CJ glucose in light of the very large 
differences in 14 co 2 production implies the activity of 
one or more of the exchange reactions is significantly 
greater than the flux of carbon via the oxidative segment 
of the pentose pathway. This is an important observation 
since all methods for determining the percentage contri-
bution of the pentose cycle to glucose metabolism have been 
derived based on the assumption that non-oxidative form-
ation of pentose 5-phosphate and/or 14 c-isotope exchange 
reactions do not occur . The data presented here and 
reported by o the rs us in g a var i e t y of c e 11 types is not con -
14 sistent with this assumption. The effect of C exchange 
reactions on the interpretation of 14c-isotope studies, 
particularly as it relates to quantitative measurement of 
the L-type pentose cycle are treated in Sections 5.5.2 and 
8 . 2 . 
14 It is of note that the operation of the C exchange 
cycle will also influence the specific radioactivity of the 
pentose 5-phosphate pool and thus the pool of triose-
phosphate and of lipid. For example , when 14 [ 1 - C J g 1 u c o.s e 
is the substrate and no exchange operates, the pentose 5-
phosphate acting as substrate for triose-phosphate forma-
. . I-I 1 14 C . tion will contain no isotope. oHever, ,v 1en - isotope 
exchange acts much more rapidly than flux, the specific 
radioactivity of the pentose 5-phosphate pool will be high 
and the dilution effect much less than in its absence. 
Th . ff f 14 c · h 1 · · t th is e ect o -isotope exc ange may exp ain in par e 
very low C-6/C-l ratio found in the lipid of hepatoma cells. 
4 . 9.3 
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Quantitative estimates of the pentose phosphate 
cycle 
As described in a previous section (1.3) methods 
have been derived based on a simplified model of glucose 
metabolism' for estimating · the quan ti ta ti ve participation 
of the F-type pentose cycle. Although the results pre sent-
ed here indicate that estimates based on this model and 
its limiting assumptions are not valid in liver tissues, 
the calculations are presented to demonstrate the difficul-
ties in such an analysis. Th 1 1 · · 1 · 14co e ca cu ation invo ving 2 
specific yields requires a measurement of glucose utiliz-
ation which as discussed above cannot be made for hepato-
cytes. However, a value of 5.0 µmoles/h/g wet wei ght is 
used for the purpose of this exercise based on the 
"apparent" utilization measurements of Katz e t al . (1975) 
and Baquer et al . (1973). The rate of glucose utilization 
for hepatoma cells of 30 µmoles/h/ g which was determined 
experimentally (Fig. 4.2 and Section 4.4) was used to cal-
culate the percentage pentose cycle contribution for these 
cells and represents real rather than "apparent" utiliza-
tion . The values f or p e rcent ag e pentos e cycle ba se d on 
14
co 2 specific y ields using equation 1.1 ar e 5 % for normal 
liver, 7% for regenerating liver and 2% for hepatoma 
5123TC. The low value for the 5123TC is a consequence of 
the small percenta ge of utilized g lucose converted to CO 2 
and is not a reflection of the C-1/C-6 ratio whereas the 
low values for normal and re generating liver reflect the 
low C-1/C-6 ratios. This calculation for the hepatoma 
cells indicates that the majority of g lucose utilized by 
these cells is v i a g lycolysis. This conclusion is 
supported by the observation that only 4.4 µmoles of glu-
cose carbon can be accounted for in CO 2 and other cell 
products analyzed (Table 4.6) whereas 30 µmole is utilized. 
Thus 85% of g lucose may be considered to be converted to 
acid soluble products and the majority of this is probably 
lactate. The values of percentage pentose cycle calculated 
f · 1 2 b d h · · f 14c · rom equation . ase on t e incorporation o into 
lipid are 15% for normal liver, 38% for regenerating liver 
and 0% for hepatoma 5123TC. Obviously the results of these 
calculations vary greatly and illustrate the fact that 
application of expressions derived for the F-type pentose 
cycle to liver tissue does not give valid or consistent 
estimates of the contribution of the pentose pathway to 
glucose metabolism. 
4.9.4 Conclusions 
The fate of 14c-isotope following the metabolism of 
[1- 14 c] and [6- 14 cJ glucose by isolated cells from normal 
and regenerating liver and hepatoma 5123TC indicates that 
there is a marked change in the metabolism of this sub-
strate by neoplastic hepatic tissue relative to normal 
liver. The results indicate that there is a decreased 
activity of the tricarboxylic acid cycle, an increase in 
glycolysis , and redirection of glucose carbon into protein, 
lipid and nucleic acids by the hepatoma. The regenerating 
liver cells also demonstrate an increase in the incorpora-
tion of isotope from glucose into RNA and DNA but a 
decreased incorporation into protein. 
The quantitative role of the pentose phosphate 
pathway in these ' growth' tissues remains unclear. Direct 
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comparisons of the actual flux of glucose into CO 2 and 
other cell components are not possible as hepatocytes do 
not utilize glucose from the incubation media and results 
in uncertainty regarding the specific radioactivity of glu-
cose 6-phosphate in each of the cell types. Qualitative 
comparisons are also difficult to ma-ke since the C-1/C-6 
ratios in CO 2 could reflect alterations in either or both 
the tricarboxylic acid cycle and the oxidative segment of 
the p~ntose pathway and C-6/C-l ratios in lipid are depend-
ent on the glycolytic rate and the equilibration of pools 
of triosc phosphate as well as the activity of the pcntose 
pathway . The assessment of the data presented here is 
further complicated by the apparent operation of 14 c-
isotope exchange reactions as indicated by the C-6/C-l 
ratio in nucleic acids. Perhaps the most significant ob-
servation to be made from the results presented in this 
chapter is the inadequacy of presently available methods 
using 14 c-labelled substrates to determine the relative 
quantitative role of the pentose cycle in various tissues, 
particularly hepatic tissues. A critical evaluation of the 
results presented here highli ghts the need for an alterna-
tive approach to examining the metabolism of glucose by 
hepatic tissues particularly as it relates to the pentose 
phosphate pathway. Ideally such an approach must attempt 
to deal with the following problems which are evident from 
the above discussion: (1) it must attempt to distinguish 
between and/or measure independently the flow of carbon 
through the F-type and L-type pentose cycles; C 2) the 
measurements should be independent of glucose utilization; 
(3) the methocl should be inclepenclcnt of or capable of 
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distinguishing between flux of glucose carbon and 14c-
isotope exchange, either from reversibility of the non-
oxidative segment of the pentose cycle or by the exchange 
reactions discussed above; (4) the measurement should 
yield a value for the percentage contribution of the pen-
tose cycle (F-type or L-typc) which is relative to total 
glucose metabolism including metabolism by non-triose 
phosphate yielding pathways such as glycogen and nucleic 
acid synthesis. It was considered that development of an 
experimental approach which attempted to fulfill these 
criteria was essential to any further efforts to investi-
gate the role of the pentose pho?phate pathway in these 
tissues. The remainder of this thesis 1s devoted to the 
theoretical derivation and application of a new experimen-
tal method for estimating the . quantitative participation 
of the L-type pentose cycle in liver tissues. 
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CHAPTER 5 
A THEORETICAL METHOD FOR ESTIMATING THE QUANTITATIVE 
PARTICIPATION OF THE L-TYPE PENTOSE PHOSPHATE CYCLE 
5 . 1 Prefatory comment 
The purpose of th~s chapte~ is to present the 
derivation of theoretical expressions for estimating the 
contribution of the L-type pentose cycle to the metabolism 
of glucose by tissues. As discussed in Chapter 1 (Section 
1.3) the best estimates of the F-type pentose cycle are 
based on the redistribution of the carbon atoms of hexose 
by their ordered passage through the reactions of that 
pathway. This approach allows for an estimate of the quan-
titative contribution of the pentose cycle relative to 
total glucose metabolism (including those pathways which 
do not yield triose-phosphates) and is independent of the 
rate of glucose utilization. The approach discussed here 
1s a modification of that originally used by Wood and Katz 
(1958) and Katz and Wood (1960) and is based on the unique 
carbon atom distributions resulti11g from the reactions of 
the L-type pathway. The carbon redistributions via the L-
t ype pathway have been analyzed in two ways. The first 1s 
expressed as tabulations of the changes in the specific 
radioactivity of the various carbon atoms of hexose as th-ey 
pass through a number of cycles of the pentose pathway. 
This · approach is similar to that of Wood and Katz (1958) 
and -results in plots of percentage pentose cycle as a func-
tion of the ratios of the specific radioactivities of 
specific carbon atoms . This analysis is shown in the 
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appendix . The alternative approach involves the algebraic 
derivation of expressions based on procedures described by 
Landau et al . (1964) and Katz and Rognstad (1967). These 
derivations are detailed in this chapter. The assumptions 
made in deriving these expressions and the limitations of 
their application are discussed particularly in relation 
to the effects of 14c-isotope exchange reactions. 
5 . 2 The distribution of 14 c from [5- 14 cJ glucose by 
reactions of the L-type pentose phosphate cycle 
The . redistribution of the carbon atoms of glucose 
by the reactions of the non-oxidative segment of the L-type 
pentose phosphate cycle is shown in Fig. 5.1. It is signifi-
cant that formation of hexose 6-phosphate by these reactions 
leads to the ordered redistribution of carbon atoms 4,5 and 
6 of the original glucose molecule into the top three car-
bons of hexose 6-phosphate. This distribution is unique 
and distinguishes between the L-type and F-type mechanisms 
for the non-oxidative segment of the cycle. 1'he estimate 
is based on the use of [5- 14 cJ glucose as substrate and the 
unique relocation of 14 c from positio11 S into position 2 of 
glucose 6-phosphate (Fig. 5.1). The metabolism of [s- 14 cJ 
glucose by the test tissue is then followed by the isolation 
and degradation of the glucose moiety of glucose 6-phosphate 
(Williams et al .~ 1978a). The distribution of 14 c in C-2 
of glucose 6-phosphate thus serves as a test of the opera-
tion of the L-type pentose cycle and as the measure of its 
relative contribution to total glucose metabolism. 
Figure 5 . 1 presents a simplified model showing glu-
cose metabolism via the L-type pentose cycle and the 
Fig. 5.1: Redistribution of the carbon _atoms of glucose 
by the L-type pentose phosphate cycle 
The sequence of reactions comprising the pen-
tose phosphate cycle in liver as proposed by Williams et 
al. (1978b) is shown. The carbon ato~s of the original 
glucose are indicated to the left of the structural 
formulae of each of the intermediates and the numbers to 
the right of the triose phosphates represent the carbon 
atoms of that molecule. The enzymes involved in the cycle 
are indicated by the letters and are: (A) glucose 6-
phosphate dehydrogenase; (B) 6-phosphogluconate dehydrog-
enase; (C) ribose 5-phosphate isomerase; (D) ribulose 
5-phosphate 3 epimerase; (E) arabinose 5-phosphate 
epimerase; (F) transketolase; (G) triosephosphate 
isomerase; (EC 5.3.1.1); (H) aldolase; (EC 4.1.2.13); 
(I) D-glycero-D-ido-octulose 1,8 bisphosphate : D-altro-
heptulose 7-phosphotransferase ; (J) glucosephosphate 
isomerase. 
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Embden-Meyerhof pathway. The rate of the pentose cycle is 
designated by PC relative to a net input of substrate glu-
cose. The rate of glucose phosphorylation and the specific 
radioactivity of substrate glucose have defined values equal 
to one. The specific radioactivity of any carbon n in 
glucose or a hexose 6-phosphate is denoted by H and any 
n 
carbon of triose phosphate by Tr . In Fig. 5.1, the numbers 
n 
to the right of a formula denote the carbon atom 1n the 
molecule whereas numbers to the left of the formula denote 
the origin of the carbon atoms from the original glucose 
substrate. Because glucose is the only net precursor of 
hexose 6-phosphate then at equilibrium H , jn a system with 
n 
C -labelled glucose,must equal that of the C position in 
n n 
glucose,' i.e. H = 1. For the specific radioactivity of n 
carbon 2 of hexose 6-phosphate (H 2 ) the inflow and outflow 
into the hexose 6-phosphate pool may be written in terms 
of H2 and H5 . The outflow of hexose 6-phosphate can be 
shown from Fig. 5.1 to be H2 (3PC + 1-PC) and the inflow 
H2 PC + H5 PC. At steady state, the outflow equals the in-
flow; 1.e. 
( 5 . 1) 
Rearrangement gives equation 5.2. 
H2 = PC 
Hs 1 + PC ( 5 . 2) 
Therefore, when the pentose cycle equals the inflow, 1.e. 
when 100% of glucose is metabolized via the pentose cycle, 
then 
PC= 1 and H2 = Hs 0 . 5 . If the PC = 0.2 then !iz = Hs 0.167. 
I . ' 
I 
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H2 In general by denoting ~1J by the term rH rearrangement 1 5 2 '5 
of equation (5.1) gives: 
PC = 
( 5 . 3) 
Equation 5.3 yields a value for the pentose cycle relative 
to total metabolism of glucose including pathways which do 
not yield triose phosphates (i.e. glycogen synthesis) since 
no Tr terms are required for derivation of this expression. n 
5 . 3 Equilibration of triose phosphate pools 
The above treatment is based on the assumption that 
the triose phosphate end product of one turn of the cycle 
consists of carbons 2,3 and 2 of substrate glucose (see Fig. 
5 . 1) . It is an extension of this assumption that the 
dihydroxyacetone phosphate formed in reaction F (Fig. 5.1) 
and consisting of carhons 4,5 and 6 of glucose does not 
equilibrate with the product triose phosphate, but is com-
partmented and exclusively reacted with arabinose 5-phosphate 
in reaction Hof Fig. 5.1 to f orm D- glyce r o D-i do octulose 
1, 8-bisphosphate. Equilibration of the t,vo triose phosphate 
pools of the pentose cycle or their equilibration with the 
trios·e phosphates formed vi a the Embden-Meyerhof pathway 
would change the isotope directing predictions of the model 
and alter the quantitative methods for its measurement. 
Evidence supportin g the proposal that there is ' one 
compartment of dihydroxyacetone phosphate composed of glu-
cose carbons 4,5 and 6 is shown by (i) the 14c-isotope 
distributions in hexose 6-phosphate formed from [2- 14 c] 
glucose by isolated hepatocytes (see Chapter 7) ; and 
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(ii) the 14c-isotope distributions in glucose 6-phosphate 
formed in vitro from [l- 14 c] ribose 5-phosphate by rat liver 
enzymes (Williams et al ., 1978b). If complete equilibration 
of the triose phosphates occurs, including those formed via 
the Embden-Meyerhof pathway, then equation S.3 is no longer 
valid. In this case equating the inflow and outflow for H2 
yields: 
H2(l + 2PC) = Cs . 4) 
Tr 2 can be expressed in terms of the PC and the specific 
radioactivities of positions 2,5 and 3 of hexose: i.e. 
= C 5 . 5) 
Inspection of Fig . 5.1 shows that C-2 or C-5 label cannot 
appear in C-3 of hexose, hence H3 = 0 and rearrangement of 
eqn . 5.5 gives : 
= 
H2 (1-FC) + H5 
2 
Substituting equation 5.6 into equation 5.4 gives: 
I-I ~ 
Hs = 
PC 
2 +PC+ PC2 
(S.6) 
C 5 . 7) 
Equation 5.7 shows that~~ equals 0.25 when PC 
equals 1 and there is complete equilibration of the triose 
phosphate pools. In the absence of triose P equilibration 
H . 
the H! ratio equals 0.5. Thus in practice if triose-P 
equilibrium was extensive, then use of equation 5.3 would lead 
to a significant underestimate of the cycle. There is no 
case to support extensive triose phosphate pool equilibra-
tion in liver since L-t ype pentose cycle values calculated 
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using equation 5.7, yielded unacceptably high (>80 %) 
estimates (Chapter 7). 
5.4 Distribution of 14 c in triose phosphate following 
the metabolism of [2- 14 cJ glucose 
Fig. 5.1 shows that metabolism of glucose by the 
L-type pentose cycle results in unique distributions of 
carbon atoms in triose phosphate as well as in hexose 6-
phosphate . Triose phosphate formed by the aldolase cleav-
age of sedoheptulose 1,7 -bisphosphate (reaction H, Fig. 
5.1) consists of the sequence of carbon atoms 2,3 and 2 of 
the ori gi nal g lucose molecules. If [2- 14 cJ glucose 1s 
used as a substrate, the specific radioactivity of 
positions 1,2 and 3 of triose phosphates or their deriva-
tives can be used to calculate the extent of the L-type 
pen to se cycle relative to glyco lysis. This is so because 
all tr iose phosphate formed via the Embden-Meyerhof pathway 
will contain 14c-isotope 1n position 2 of triose phosphate , 
while that formed by the L-type pentose cycle will contain 
isotope 1n carbons 1 and 3. 
If it is assumed that there is equilibrium of the 
triose phosphates of the Embden-Meyerhof pathway and the 
product triose phosphate of the pentose cycle but not the 
triose phosphate formed by reaction F of Fig. 5.1, then 
the inflow and outflow in the triose phosphate pool can be 
expressed for TR 1 as: 
( 5 . 8) 
Fig . 5. 1 shows that no C-2 label can appear in the C-4 or 
C-3 positions in hexose 6-phosphate , there fore H3 = H4 = 0 
:i,!fi;: ~II ' ' ' ' ' ' ' ' ' ' • ' ' • ' • • • t ' ' ' I • ' 
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and equation 5.8 becomes : 
= 
( 5 . 9) 
In terms of TR 2 the inflow and outflow can be expressed as: 
(5.10) 
Inspection of Fig . 5.1 shows that H5 = H3 = 0, therefore: 
= 
I-12(1-PC) 
2-PC (5 .11) 
The ratio of the specific radioactivities of C-1 and C-2 of 
triose phosphate is given in equation 5.12. 
= 
PC 
1-PC (5 .12) 
Denoting i~~ as rT1, 2 then equation 5.12 1s expressed as: 
PC = 
1 + rT 
1 , 2 (5.13) 
Equation 5.13 may be used to determine the fraction of glu-
cose metabolism relative to the utilization of glucose via 
the pentose cycle and Embden-Meyerhof pathway only and 
assumes that there 1s no metabolism of glucose by pathways 
which do not yield triose phosphates (i.e . glycogen syn-
thesis). 
It 1s also obvious from inspection of Fig. 5.1 that 
TR1 = TR3 when [2- 14 cJ glucose is substrate. Therefore, 
the distribution of 14 c-isotope in the carbon atoms of 
triose phosphate or a derivative such as lactate or glycerol 
serves as a test of the validity of the reaction sequences 
of Fig. 5 .1 since i~~ must be unity. It is found that the 
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use of triose phosphate derivatives for quantitation of the 
L-type pentose cycle are most reliable in non- gluco neo ge nic 
tissues, i.e. erythrocytes , chloroplasts etc. So~e limi-
tations of the use of triose phosphate data are discussed 
in the following chapter for experiments involving measure-
ments o f the L - type p en to s e c y c 1 e ·i n i s o 1 ate d hep at o c y t es . 
5.5 Assumptions and limitations 
The basic assumption on which all the preceding 
derivations are based requires that there are no reactions 
which result in carbon redistributions other than those 
shown in Fig. 5.1. Studies of [1- 14 cJ ribose 5-phosphate 
utilization and measurements ~n vitro of the distribution 
of 14c into the carbon atoms of hexose 6-phosphate 
(Williams et al ., 1978a) provided much of the evidence for 
the L-type pentose cycle shown in Fig. 5 .1. These data 
also clearly indicated the extent of operation of 14c-
isotope exchange reactions catalyzed by the group transfer-
ring enzymes transketolase and transaldolase. The following 
is an assessment of the effect of these exchange reactions 
and of the reactions of gluconeo ge nesis, non-oxidative 
formation of pentose 5-phosphate, isotopic equilibration of 
triose phosphate pools and of fructose 6-phosphate with 
glucose 6-phosphate, which theoreticall y could act to 
qualify a clear interpretation of data from experiments 
. 14 14 
using [2- CJ and [5- CJ glucose. 
5 . 5 . 1 Gluconeogenesis from triose phosphate 
Theoretically the reactions of Scheme 5.1 can intro-
duce 14 c from position 5 of g lucose into positions 2 and 5 
/1 
I 
C = 0 
I 
C 
I 
C 
I A C 
I 
*C 
I 
CH 20H 
Glc 
C = 0 
I 
*C 
I L C 
I 
C 
I 
*C 
I 
CH 20P 
[ 2 ,5- 14 CJG1c 
Scheme 5.1: 
C = 0 
I 
C 
I 
C 
I B C 
I 
*C 
I 
CH 20P 
Glc 6-P 
B I 
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CH 20H I 
CH 20P I 
C = 0 C = 0 
I I C C 
I C I C C 
I I 
*C *C 
I I CH 20P CH 20P 
Fru 6-P Fru l,6-P 2 
ID 
CH 70P I ~ 
*C = 0 
C = 0 
I E \ *C 
I I CH 20H CH 20P 
[2-c 14 JGrn-P 
D 
[2-c 14 JGra 3-P 
CH 20H CH 20P I Pi I 
*C = 0 \ *C = 0 I ~ I C C 
I I 
C F C 
I I 
*C *C 
I I CH 20P CH 20P 
6-P 14 [2,5- C]Fru 6-P [2 , 5- 14 cJFru l,6-P 2 
Gluconeogenesis from trios e phosphate; reactions A to E 
involve the phosphorylation of [5- 14 cJ glucose and reactions 
of the glycolytic sequence which lead to the aldolase cata-
lyzed condensation of [2- 14 cJ g lyceraldehyde 3-phosphate and 
14 . 14 [2- CJ dihydro xya cetone phosphate to f orm [2,5- CJ fruc-
to se 1,6 bisphosphate, the precursor of [2,5- 14 c] glucose 
6-phosphate . A= hexokinase; B = phosphoglucose isomerase; 
C = phosphofructokinase; D = aldolase; E = triosephosphate 
1somerase; F = fructose 1 , 6 bisphosphatase . 
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of glucose 6-phosphate. Any significant metabolic activity 
involving the reaction sequence of Scheme 5.1 will nullify 
the value of the theoretical treatments developed above. 
Such metabolic activity may be expected to occur 1n liver 
and would result in an overestimate of the relative amount 
of glucose metabolized by the L-type pentose cycle using 
H2 ratios in glucose 6-phosphate. The early work of Bloom 
Hs 
et al. (1955), Cook and Lorber (1952) and the recent work 
of Katz and Rognstad (1978) indicates that in spite of the 
potential for glucose synthesis in liver there is very little 
14 14 14 . 
randomization of C from [6- CJ or [1- CJ glucose into 
carbons 1 or 6 of the glucose units of glycogen (2 to 4%). 
It is tentatively concluded that the reactions of gluconeo-
genesis have little ability to interfere with the 14 c label 
redistribution of the L-type pentose cycle. It is suggested 
that a control incubation using [6- 14 cJ or [4,5,6- 14 cJ 
glucose (see Chapter 6) should accompany all experiments 
where the L-type pentose cycle is being measured using 
[5 _14CJ 1 g ucose. In this way an empirical correction can 
be made for the effect of any contribution of the reactions 
of Scheme 5.1. 
5 . 5 . 2 Reversibility of the non-oxidative segment of the 
pentose cycle 
Previous methods for estin1ating the F-type pentose 
cycle were limited by the assumption that there was no non-
oxidative formation of pentose 5-phosphate from hexose 6-P, 
i.e. that the transketolase and transaldolase reactions 
(Fig. 1.2) 1vere not reversible. Much evidence based mainly 
on the metabolism [1- 14 cJ, [2- 14 cJ, [6- 14 cJ and [u- 14 cJ 
I < \ 
\ 
I 
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glucose and incorporations of 14 c-isotope into pentose 
phosphate or the pentose moiety of nucleic acid was inter-
p~eted as showing that the transketolase-transaldolase 
reactions were reversible (Section 4.9.2). 
There are two mechanisms by which pentose 5-
phosphate can be formed non-oxidatively. The first 1s a 
reversal of the coupled transketolase-transaldolase reac-
tions · shown in Fig. 1.2. The distribution of the carbon 
atoms of hexose 6-phosphate and triose phosphate in the 
resulting pentose 5-phosphate is illustrated by reaction I. 
H1 
H2 H1 H1 H3 
2 H3 T I-l2 H2 + H3 
+ r1 + (I) 
H4 T T H4 H4 r2 r1 
Hs T T Hs Hs r 3 r2 
H5 T H5 H5 
r3 
2 Fru 6-P + Gra 3-P Xlu 5-P + Xlu 5-P + Rib 5-P 
The alternative mechanism involves the reversal of the 
reactions of the L-type pentose cycle . The distribution 
of · the carbon atoms of hexose 6-pl1osphate and triose 
phosphate are shown 1n reaction II. 
H1 H1 
H2 H2 H2 T T 
r1 r3 
H3 H3 T I-I 3 T H3 
+ + r 1 + r2 + ~ H4 H4 T H4 H1 H4 r2 \ 
Hs Hs T Hs H2 Hs 
r3 
H5 H5 I-15 H1 H5 
(II) 
Fru 6-P + Glu 6-P + Grn-P Arb 5-P + Xlu 5-P + Rib 5-P 
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The formation of pentose 5-phosphate by either of these 
mechanisms, followed by the metabolism of the resulting 
pentose 5-phosphate via the mechanism of Fig. 5.1 results 
14c · h · h b in -isotope exc ange int ea sence of any net metabol-
ism and is referred to as an exchange cycle (see Scheme 
4.2). The exchange cycles will act to influence then; 
andT Tri ratios and lead to an overestimate or an under-
r2 
estimate respectively of the value of PC. 
It is significant that operation of reaction I 
] 4 . 
results in the formation of [4- CJ pentose 5-phosphate 
14 from [5- CJ glucose , therefore, the redistribution of 
14c · · 1 h 1 f d b 
-isotope in exose 6-p osp ate orme y this exchange 
cycle cannot be distinguished from true flux of glucose 
carbon through the complete L-type pentose cycle. Thus the 
value of PC determined using equation 5.3 represents the 
14 
sum of this C exchange cycle and the 1-·type pentose cycle. 
It is possible to qualitatively assess the extent of this 
h . d d 1 b . [2- 14 cJ 1 b . exc ange in epen ent y y using g ucose as su -
strate. The .pentose 5-phosphate formed via the coupled 
transketolase -transaldolase reactions from [2- 14 cJ hexose 
6-phosphate will contain 14c-isotope in carbon 2 (reaction 
14 I). When [2- CJ pentose 5-phosphate is metabolized via 
the L-type pentose cycle, the 14 C-isotope will be redistri-
buted to carbon 3 of hexose 6 - phosphate. Hence inspection 
of the 14c-isotope distribution in C-3 of hexose 6-phosphate 
will indicate whether or not this series of 14 c exchange 
reactions is active. 
14 The operation of the C exchange cycle described 
above ~ill also effect the 14 c-isotope distribution in 
derivatives of triose phosphate. The [2- 14 cJ pentose 
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5-phosphate will result in 14 c-isotope incorporation into 
carbon 2 of triose phosphate. Thus operation of the e x -
change reactions will act to reduce the value of 
therefore the value of PC calculated from equation 5.13 
will be an underestimate of the complete L-type pentose 
cycle. 
The reversibility of the non-oxidative se gment of 
the L-type pathway results in 14 c-isotope distribution 
which is somewhat more complex. The distribution of 14 c-
isotope from [s- 14 cJ hexose 6-phosphate cannot be distin-
guished from that followin g oxidative metabolism of he xose 
6-phosphate except that the specific radioactivity of C-4 
of pentose 5-phosphate is diluted by 1/3. The complexity 
arises from the redistribution of C-2 of hexose 6-phosphate 
which appears in carbons 1 and 4 of pentose 5-phosphate 
(reaction II). The metabolism of this pentose 5-phosphate 
will result in the redistribution of C-2 of the ori ginal 
hexose 6-phosphate into carbons 1 and 3 of triose phosphate 
14 and carbons 2 and 5 of hexose 6-phosphate. Thus C-
isotope in H2 will be lost and a fraction of it redistri-
buted into C-5 of hexose 6-phosphate. The resultin g ~~ 
ratio will be perturbed by the op e ration of these e x change 
reactions. Theoretically the ~ 2 ratio followin g the 
5 
metabolism [s- 14 c] · glucose will still result in an over-
estimate of the L-type pentose cycle if reversible exchan ge 
of the L-type pathway occurs, since reversibility results 
in a greater input of 14 c from H5 into H2 than can be lost 
from H2 • However, the value o f PC calculated from 
equation 5.3 must be less than the sum of pentose cycle 
flux plus L-type exchange. 
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Evide nc e from in vitro experiments using a rat liver 
enzyme preparation and [l- 14 cJ and [2- 14 cJ glucose 6-
ph~sphate indicates that very little pentose 5-phosphate 
is formed v~a reversibility of the non-oxidative segment 
of the L-type pathway. Following the metabolism of [1- 14cJ 
or [2- 14 cJ glucose 6-phosphate and unlabelled fructose 1,6-
bisphosphate (as a source of triose phosphate) by the 
enzymes of rat liver, the pentose 5-phosphates were isolat-
ed and the percentage distribution of 14c-isotope in each 
of the carbon atoms of the pentose determined. When 
[1- 14 cJ glucose 6-phosphate was substrate, 83% of 14 c was 
found in carbon 1 of pentose 5-phosphate and 15% in carbon 
5 . When [2- 14 cJ glucose 6-phosphate was used, 85% of the 
14
c was located in carbon 2 of pentose 5-phosphate with 10% 
in carbon 3 (Williams and Blackmore, unpublished results). 
These results are not consistent with formation of pentose 
5-phosphate via the reversal of the L-type pathway, (see 
reaction II) however, they are in reasonable agreement with 
the predicte<l carbon redistribution via the coupled trans-
ketolase-transaldolase reactions (reaction I). 
5 . 5. 3 The transaldolase exchange reaction 
The activity of the reacti0n sequence involving the 
transaldolas e exchange reaction (Scheme 5.II) is quite 
apparent from the degree of 14c-isotope labelling of carbon 
5 of hexose 6-phosphate following the metabolism of 
[2- 14 cJ glucose by isolated hepatocytes (see Table 6 .1 of 
the following chapter). The reactions of Scheme 5.II are 
of apparent concern since they will act to · dilute the con-
. f 14 c · · b s f h 6 h ht centration o -isotope in car on o - exose -p osp a e 
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6CH 20H 6CH 20P I I I 
tC = 0 tC = 0 
I I 6CH 20P C = 0 *C *C \ I I I + ATP I tC = 0 + C A \ B C C I I I I *CH 20H CH 20P C C 
I I CH 20P CH 20P 
Fru-6-P Fru-1, 6-P Grn-P Gra-3-P 2 
6CH 20P *C = 0 I I 
tC = 0 tC 
I C I 
*CH 20H 6CH 20P 
Grn-P Gra-3-P 
6CH 20H l'ICH 20H I I 
tC = 0 tC = 0 
I *C = 0 I C = 0 
*C I *C I I + tC I C C I D *C I I 6CH 20P I CH 20P C tC 
I I CH 20P 6CI-I20P 
Fru-6-P Gra-3-P Fru-6-P Gra-3-P 
Scheme 5.II : 
Showing the mechanism whereby carbons 1,2 and 3 of fructose 
6-phosphate are incorporated into positions 6,5, and 4 of 
fructose 6-phosphate by reactions catalyzed by (A) phospho-
fructokinase, (B) aldolase, (C) triosephosphate isomerase 
and (D) transaldolase exchange. The reaction involving 
14 transaldolase exchange also demonstrates how C from 
[s- 14 c] fructose 6-phosphate would be diluted by incorpor-
ation into positions 2 of glyceraldehyde 3-phosphate. 
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by catalyzing its transfer to carbon 2 of glyceraldehyde 
3-phosphate. However, this dilution will have no effect 
h & . . d on. t e Hs ratio since TR 2 oes not appear in e quation 5 .1 
i.e. the value of PC d d 1 h H., . is epen ent on yon t e ~ ratio at 
steady state and not on the absolute specific radioactivity 
of C-5 of hexose 6-phosphate. 
It is of interest to note the effect of the trans-
aldolase exchange reaction when [2- 14 cJ glucose is substrate. 
From insp·ection of Scheme 5.II it is seen from reactions A, 
Band C that H2 = 2TR 2 (assuming isotopic equilibrium 1s 
reached by reaction C). Also, when the transaldolase 
exchange is rapid (reaction D) H5 = TR 2 • Thus the ~ 2 ratio 
5 
will be 2 as a consequence of extensive transaldolase ex-
change when [2- 14 cJ glucose is the substrate. 
5 . 5.4 Isotopic equilibration of hexose 6-phosphate 
The theoretical treatment given here requires that 
there is isotopic equilibrium between fructose 6-phosphate 
and glucose 6-phosphate i.e. the rate of isotopic equilib-
ration of fructose 6-phosphate with glucose 6-phosphate is 
very fast relative to the rates of their subsequent metab-
olisms. This stipulation is necessary since the reactions 
shown in Fig . 5.1 distribute C-5 of substrate glucose into 
position 2 of fructose 6-phosphate. If isotopic equilib-
ration is incomplete then the measured ratio of the 
specific radioactivity of position 2 relative to position 5 
of glucose 6-phosphate will lead to the underestimation of 
the quantitative participation of the L-type pentose cycle 
to total glucose metabolism. Landau et al., (1964) derived 
expressions for the estimation of the F-type pentose 
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cycle contribution to glucose metabolism employing a model 
in which no asiumption was made as to the extent of iso-
topic equilibration between glucose 6-phosphate and 
fructose 6-phosphate. The application of this method to 
rat adipose tissue demonstrated extensive but not complete 
equilibration and values calculated for the percentage con-
tribution of the pentose cycle to glucose metabolism did 
not differ greatly from those calculated from methods which 
assumed complete isotopic equilibrium (Landau and Katz, 
1964) . However, Till et al., (1968) found slow equilib-
ration of 32 P between glucose 6-phosphate and fructose 6-
phosphate in liver and Williams et al., (1971) repotted a 
much higher specific radioactivity of fructose 6-phosphate 
compared with glucose 6-phosphate following the metabolism 
of [2- 14 cJ glucose by rabbit liver in vivo. These obser-
vations suggest that measurements of the L-type pentose 
cycle in liver using fs- 14c] g lucose as substrate and the 
value of the ~ 2 ratio in glucose 6-phosphate together with 
5 . 
the assumption of complete equilibration of glucose 6-
phosphate and fructose 6-phosphate may underestimate the 
relative contribution of the cycle to total glucose metabo-
lism. 
5.6 Conclusions 
The methods discussed above permit the investiga-
tion of the quantitative contribution of the L-type pentose 
cycle to the metabolism of glucose by tissues and fulfills 
those requirements specified in Chapter 4. The use of 
[2- 14 cJ and [s- 14 cJ glucose as substrates for tissues 
followed by the isolation and carbon atom by carbon atom 
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degradation of the glucose moiety of glucose 6-phosphate 
allows for independent estimates of the F-type and L-type 
pentose cycles as a consequence of the unique carbon redis-
tributions of those two reaction sequences. Both of these 
estimates are independent of the rate of glucose utilizat-
ion and represent the percentage of glucose metabolized 
V&a the pentose cycle relative to total glucose metabolism. 
Finally, qualitative estimates of the degree of 14c-isotope 
exchange reactions can be made based on the randomization 
of 
14
c-isotope in the carbon atoms of hexose 6-phosphate ·. 
Thus the expressions derived above allow for a more accur-
ate and reasonable estimate of the L-type pentose cycle to 
be made than was possible using any previously available 
methods. 
In final summary, it is of note that the metabolism 
of [z- 14 cJ and [s- 14 cJ glucose and the distribution of 14 c 
into various positions of glucose 6-phosphate and triose 
phosphate in tissues not only serves to measure the pathway 
but affords confirmatory evidence for the operation of the 
L-type mechanism. In using the procedures presented here 
for the measurement of the L-type pentose cycle, it is 
essential that hexose 6-phosphate and triose phosphate 
intermediates of the cycle should be isolated, purified and 
degraded for 14 c-isotope analysis. The use of products of 
these intermediates which are metabolically distant from 
the pentose cycle (i . e. glucose units of glycogen instead 
of glucose 6-phosphate) is to be avoided since their adop-
tion will only lead to confusion if not the inability to 
interpret results. This latter note of caution was clearly 
made by Katz and Wood (1960). 
6.1 
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CHAPTER 6 
MEASURE~ENT OF THE L-TYPE PENTOSE CYCLE 
IN ISOLATED HEPATOCYTES 
Prefatory comment 
In the present experiments, the distribution of 
14c · h b f 
-isotope int e car on atoms o glucose 6-phosphate and 
lactate following the metabolism of [2- 14cJ, [5- 14 cJ and 
14 [4,5 _,6- CJ glucose has been measured. The distribution 
f 14c · h h d o -isotope in glucose 6-p osp ate an lactate has been 
analyzed in terms of the quantitative contribution of the 
L-type pentose cycle to the metabolism of glucose. The 
extent of other carbon transferring mechanisms including 
gluconeogenesis from triose phosphate (using [4,5,6- 14 cJ 
glucose), transaldolase exchange reactions (using [2- 14 cJ 
glucose) (Ljungdahl et al., 1961) and non-oxidative pentose 
5-phosphate formation have been assessed. 
6.2 Distribution of 14 c in glucose 6-phosphate following 
14 the metabolism of [5- CJ glucose 
The data of Table 6.1 show that 17. 7% of the isotope 
in glucose 6-phosphate is incorporated into position 2 of 
that molecule following the metabolism of [5- 14 c] gluc ose. 
An estimate of the percentage contribution of the L-type 
pentose cycle can be made from the ratio of the specific 
radioactivities of position 2 and position 5 of glucose 6-
phosphate using the e:>-.rpression, PC = rLI /1-rH where rH is the 
1 2 ,5 . 2,5 2,5 
ratio C-2/C-5 (Chapter 5). The C-2/C-5 ratio is 17.7-1.3 . 
70 . 8 or 0 . 23 and the resulting value of PC is 30%. As 
Table 6.1: Distribution of 14 c in the 14 c labelled glu-
cose substrates and in the glucose 6-
phosphate isolated from liver cells after 
. 14 14 
metabolism of [2- CJ , [5- CJ and 
14 [4,5,6- CJ glucose 
Isolated hepatocytes were incubated for 1 
hour at 37° in the presence of 5mM glucose labelled with 
14 c-isotope in carbons 2,5 or 4,5 and 6. Glucose 6-
phosphate was isolated from HC10 4 extracts of the cells 
and was biologically and chemically degraded to determine 
the specific radioactivity of each carbon atom as des-
cribed in Section 2 .19. The percentage recovery of label was 
determined by expressing the total label recovered (deter-
mined by the addition of the specific radioactivities of 
the six individual carbon atoms) as a fraction of the 
specific radioactivity obtained from the complete oxi-
dation of the glucose moiety of glucose 6-phosphate by the 
method of Van Slyke and Folch (1940) . A standard 
[l,2,6- 14 cJ glucose sample accompanied the degradations 
described in this table. Expected distribution of isotope 
in the standard was: C-1, 40%; C-2, 20%; C-6 , 40%, dis-
tribution found; C-1, 37%; C-2, 19 %; C-3, 0 %; C-4, 1%; 
C-5, 2%; C-6, 42%. The results are the mean of the num-
ber of determinations in parentheses. The S . E.M. is shown 
for values based on more . than 3 determinations . 
.., 
\0 
ID 
.., 
~ 
~ 
~ 
T a b l e  6 . 1 :  
C a r b o n  N o .  
S u b s t r a t e s  
g l u c o s e  6 - p h o s p h a t e  f r o m  i n c u b a t i o n s  o f  c e l l s  w i t h  
I  
I  
I  
1 4  
i  
[ 5 - 1 4 c ]  
1 4  
I  
1 4  
[ 2 - 1 4 c ]  
[ 5 - 1 4 c ]  
[ 2 - C ]  
I  
[ 4 , 5 , 6 - c ]  
[ 4 , 5 , 6 - c ]  
I  
I  
g l u c o s e  
(  2  )  
I  
g l u c o s e  
(  2 )  
g l u c o s e  
(  1 )  
g l u c o s e  
(  2 )  
g l u c o s e  (  7 )  
g l u c o s e  
(  4 )  
'  
1  
0  
0  
1 . 2  
2 . 0  
2 . 5  ±  0 . 8  
0 . 6  ±  0 . 2  
2  
9 6 . 5  
1 . 3  
1 . 6  
1 2 . 1  
6 6 . 8  ±  5 . 7  
1 7 . 7  ±  2 . 7  
3  
0 . 4  
0 . 9  
1 . 7  
2 . 7  
4 . 2  ±  0 . 9  
1 . 9  ±  0 . 2  
4  
1 . 2  
2 . 1  
3 3 . 0  
3 0 . 0  
1 . 8  ±  0 . 4  
1 1 . 5  ±  2 . 7  
5  
0 . 6  
9 4 . 0  
3 1 .  4  
2 4 . 3  
2 1 . 8  ±  4 . 0  
7 0 . 8  ±  5 . 6  
6  
1 . 0  
1 . 7  
3 1 . 0  
2 8 . 7  
2 . 9  ±  0 . 9  
1 . 4  ±  0 . 3  
I  
I  
R e c o v e r y  %  
8 7  
9 3  
8 7  
9 6  
8 4  
8 7  
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previously stated · (Section 5.5.2), this value represents 
the sum of the L-type pentose cycle contribution and 
II t" t b 1· f 14c . apparen me a o ism as a consequence o -isotope ex-
change occurring due to reversibility of either a 
transketolase-transaldolase series of reactions or reversal 
of the non-oxidative segment of the L-type cycle. The 
latter possibility seems unlikely as previously discussed 
(Section 5.5.2). The role of 14 c exchange via the coupled 
transketolase-transaldolase reactions is treated in the 
Discussion. The data of Table 6.1 also show a significant 
incorporation of 14 c into position 4 of hexose 6-phosphate. 
This distribution of 14c can not be explained by any known 
14c . f . 
-isotope trans er reactions. 
6.3 Distribution of 14c in glucose 6-phosphate following 
the metabolism of [2- 14 cJ and [4,5,6- 14 cJ glucose 
Because of the potential complexity of glucose 
metabolism in liver, it was considered necessary to inves-
ti ga t e the possible operation of two sets of reactions 
which theoretically could influence the distribution of 
isotope between carbon atoms 2 anJ 5 of hexose 6-phosphate . 
The two reactions are (1) the synthesis of hexose 6-
phosphate from labelled triose phosphate catalyzed by aldo-
lase and fructose bisphosphatase and (2) the transaldolase 
reaction which exchanges carbon atoms 4 ,5 and 6 of fructose 
6-phosphate with glyceraldehyde 3-phosphate (Ljungdahl et al., 
1961). In order to estimate the contribution of these 
reactions which could act to qualify the measurements of 
the L-type pentose cycle, cells were incubated with either 
14 14 d h d" "b . f [2- CJ or [4,5,6- CJ glucose an t e istri ut1on o 
\ 
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14 c · h b 
-isotope int e car on atoms of glucose 6-phosphate 
determined as shown in Table 6.1. 
The results indicate that gluconeogenesis from 
14C-labelled triose phosphate in isolated hepatocytes does 
not significantly alter the 14c-isotope distribution in the 
carbon atoms of g lucose 6-phosphate since very little 14c-
isotope is found in positions 1 or 3. For example, the 
· · h f 14 c · b 3 net increase int e percentage o -isotope in car on 
of hexose 6-phosphate is only 1% which indicates that the 
. d. .b . f 14 f [ 14 ] maximum re istri ution o C rom 5- C g lucose into 
carbon 2 of hexose 6-phosphate would be approximately 3%. 
If this value is used to correct for the effect of gluconeo-
genesis, the C-2/C-5 ratio becomes l 7.l - l. 3 - 3 .o = 0.18 and 70.8+3.0 
the value of PC is 22%. It should be mentioned however 
h d . ·b · f 1° f 14 c · · b · tat a re istri ution o · ~ o -isotope is su J ect to 
considerable experimental error. It is of note that only 
position 2 of g lucose 6-phosphate shows significant incor-
poration of 14 c-isotope (10.5%) and that the greatest loss 
of 14 c-isotope 1s from position 5 (7.1%). The isotope 
labelling pattern is consistent with the predicted redist-
·b · f 14 c r1 ut1on o v~a the L-type pentose cycle. The C-2/C-5 
14 
ratio following the metabolism of [4,5,6- CJ glucose is 
higher than the ratio following the metabolism of [s- 14 cJ 
glucose. This difference may be a ttributed to the errors 
inherent in the determination of the specific radio-
activities of the carbon atoms of gluc ose and the fact that 
very small changes in the percentage of isotope in position 
2 results in large changes in the ratio. Since gluconeogcn-
esis does not influence the 14 c distribution in gl ucose 6-
phosphate, it is concluded that the relocation of 21.8% of 
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the isotope from [2- 14 cJ glucose into position 5 of glucose 
6-phosphate (Table 6.1) results from the transaldolase 
exchange reaction. 
Th t f 14c . . . . . e exten o incorporation into position 5 of 
gl ucose 6-phosphate following the metabolism of [2- 14 cJ 
glucose indicates that the transaldolase exchange reaction 
is very active under these experimental conditions. If the 
specific radioactivity of the triose phosphate pool is 
assumed to be one half that of the glucose substrate, it 
can be ~hown that isotopic equilibrium is approached between 
carbon atoms 4,5 and 6 of hexose 6-phosphate and the triose 
phosphates. Although the extent of the transaldolase 
exchange reaction is great and will act to dilute the 
specific radioactivity of position 5 of hexose 6-phosphate, 
this dilution will have no effect on the C-2/C-5 ratio 
14 foll owing the metabolism of [5- CJ glucose and therefore 
will not alter estimates of the L-type pentose cycle (for a 
discussion of the transaldolase exchange reaction see 
Section 5.5.3). 
The distribution of 14c-isotope in the carbon atoms 
of glucose 6-phosphate following the metabolism of [2- 14 c] 
glucose may also be used to calculate any contribution of 
the F-type pentose pathway based on the theoretical expres-
sion derived by Katz and Wood (1960) . This calculation 
requires a measurement of the specific radioactivities of 
carbon atoms 1,2 and 3 of hexose 6-phosphate following 
[2- 14 cJ glucose metabolism. The data of Table 6 .1 show 
that very little 14 c-isotope is distributed into position 
1 or 3 fron1 [2- 14 c] glucose and calculations usin g the ex-
pression of Katz and Wood (1960) result in values of 2.0 
172. 
and 3.1% for the percentage of glucose metabolized v~a the 
F-type pentose pathway in liver. These values are in go od 
agreement with those reported by Hostetler and Landau 
(1967) using rat liver ~n vivo, and indicate that there is 
an insignificant level of the F-type pentose cycle in liver. 
6.4 D. "b . f h 14 . istri ution o t e C in lactate following the 
metabolism of [2- 14 cJ glucose 
The reaction sequence of the non-oxidative segment 
of the L-type pentose phosphate pathway results in a 
unique distribution of 14c-isotope in triose phosphate 
following the metabolism of [2- 14 cJ glucose. This redis-
tribution results in the ratio of the specific radioactivity 
of carbon 1 to carbon 3 of triose phosphate being unity for 
any contribution of the L-type pentose cycle to glucose 
metabolism. An expression has been derived for estimating 
the percentage contribution of the L-type cycle to the 
metabolism of glucose relative to glycolysis based upon the 
ratio of the specific radioactivities of carbons 1 or 3 to 
carbon 2 of triose phosphate or its derivaties (Section 5.4). 
In practice the relatively small pool of triose phosphates 
makes the possibility of the isolation and degradation of 
triose phosphate difficult, therefore a derivative of triose 
phosphates such as lactate or g lycerol is chosen. In liver 
the more accessible intermediate is lactate. In choosing 
lactate as the triose phosphate derivative, it is assumed 
that the 14 c-isotope distribution in the carbon atoms of 
lactate reflects the distribution of 14 c in triose phosphates 
formed via the L-type pentose cycle and g lycolysis only and 
that no other carbon transferring reactions such as CO 2 
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fixation or recycling in the tricarboxylic acid cycle 
occurs. 
The results of Table 6.2 show the distribution of 
14c · · h b 
-isotope int e car on atoms of lactate following the 
metabolism of glucose by isolated hepatocytes. The C-1/ 
C-3 ratio is not unity. Since the data of Table 6.2 are 
not consistent with the theoretical predictions on which 
the expression for quantitatively estimating the L-type 
pentose cycle were derived, the C-1/C-2 ratio in lactate 
cannot be used to estimate the contribution of the pentose 
cycle to the metabolism of glucose by isolated hepatocytes. 
6.5 
6.5.1 
Discussion 
The Mechanism of the non-oxidative segment of the 
pentose cycle in isolated hepatocytes 
The work reported here was designed in part as 
prediction labelling experiments. The sequence of the 
reactions of the non-oxidative segment of the L-type pentose 
cycle proposed by Williams e t a l. (1978b) predicts the re-
distribution of isotope from [5- 14c] glucose into position 
2 of hexose 6-phosphate (Fig. 5.1). The reaction sequence 
of the F-type pathway would predict no randomization of 
isotope from [5- 14 c] glucose. The data of Table 6.1 are 
entirely consistent with the operation of the L-type pentose 
phosphate pathway in liver, since a net increase of 16.4 % 
of the 14c in glucose 6-phosphate recovered from cells 
incubated with [s- 14 c] glucose was located in position 2. 
The only other known mechanism for relocating 14c from 
[5- 14 c] glucose into position 2 of glucose 6-phosphate is 
gluconeogenesis from [2- 14 cJ triose phosphates. The extent 
Table 6.2: Distribution of 14c in the carbon atoms of 
lactate formed by the metabolism of [2- 14 c] 
glucose by isolated hepatocytes 
Isolated hepatocytes were incubated for 1 . 
0 . [ 14 hour at 37 in the presence of SmM 2- CJ glucose . Lac-
tate was isolated and purified from HC10 4 extracts of the 
cells and was chemically degraded to determine the 
speclfic radioactivity of each carbon atom as described 
in Section 2.19. The percentage recovery of label was 
determined by expressing the total label recovered (i . e. 
the addition of the specific radioactivities of the 3 
carbon atoms) as a fraction of the specific radioactivity 
obtained by complet~ oxidation of the lactate by the 
method of Van Slyke and Folch (1940). The results are 
· the mean+ S.E.M. of 7 determinations . 
T a b l e  6 . 2 :  
C a r b o n  N o .  
P e r c e n t a g e  o f  
R a d i o a c t i v i t y  
1  
9 . 5  ±  0 . 9  
2  
7 2 . 1  ±  2 . 3  
3  
1 8 . 4  
±  1 . 6  
R e c o v e r y  %  
8 4  
R a t i o  o f  S p e c i f i c  
R a d i o a c t i v i t i e s  
C l / C 3  =  0 . 5 2  
C l / C 2  =  0 . 1 3  
C 3 / C 2  =  0 . 2 6  
f - - 1  
- . _ J  
+ : : -
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of these reactions appears to be quite small since the 
metabolism of {4,5,6- 14 c] glucose yielded a net increase 
of only 0.8 and 1.0% of 14 c-isotope in carbons 1 and 3 of 
glucose 6-phosphate. · 
6. 5 . 2 14c-isotope distribution in lactate 
The data of Table 6.2 may be interpreted in two 
ways. One explanation involves the possibility that the 
F-type and not the L-type mechanism of the cycle operates 
in isolated hepatocytes. The alternative explanation is 
that the 14 c-isotope distribution in the carbon atoms of 
lactate does not reflect the 14 c-isotope labelling pattern 
in triose phosphates formed via the pentose cycle and 
glycolysis in, liver, rather that the 14c-isotope distribu-
tion is the consequence of the further metabolism of 
triose phosphate derivatives. The weight of experimental 
evidence favours the latter interpretation. 
With respect to the mechanism of the non-oxidative 
segment of the pentose pathway in hepatocytes, rando1niza-
tion of 14 C-isotope followin g the metabolism of [2- 14 c] 
glucose vi a the F-type pentose cycle should introduce about 
twice as much 14 c into position 1 of glucose 6-phosphate as 
position 3 and therefore the C-l/C-3 ratio in lactate 
should be 0.5 (Katz and Wood, 1960). Although the C-1/C-3 
ratio shown in Table 2 is close to 0.5, the corresponding 
C-3/C-l and C-6/C-4 ratios in glucos e 6-phosphate (Table 6.1 ) are not 
consistent with the ratio ·found in· lactate. It is a con-
dition of the F-type pentose · cycle mechanism that all 14 c-
isotope distribution in triose phosphate arises from gly-
colysis of reformed hexose 6-phosphate. Therefore, the 
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lack of agreement between the isotope distribution in 
glucose 6-phosphate and the carbon atoms of lactate indi-
cates that lactate does not reflect the isotope distribution 
pattern in hexose 6-phosphate formed via the pentose cycle. 
Furthermore, the distribution of 14 c-isotope in glucose 
6-phosphate following [s- 14 c] glucose metabolism is entire-
ly consistent with the operation of the L-type pentose 
cycle. The only tissue in which the operation of the F-
type pathway has been demonstrated is rat adipose tissue 
(Williams et al., 1974). Further evidence supporting the 
view that there is little value in isolating and degrading 
metabolic intermediates which are distant from the phos-
phorylated intermediates of the pentose cycle is illustrat-
ed by the experiments of Katz e t al. (1966) which showed 
that the 14 C-isotope distribution in the carbon atoms of 
lactate following the metabolism of [2- 14 c] glucose by rat 
epididymal fat pads could not be used to estimate the con-
tribution of the pentose cycle since the C-1/C-3 ratio in 
the carbon atoms of lactate was twice that found in 
glycerol. 
It may be concluded that the 14 c-isotope distribu-
tion in the carbon atoms of lactate is not a reflection of 
the 14 c-isotope distribution in triose phosphate formed as 
a consequence of the pentose cycle and the Embden-Meyerhof 
pathway. This interpretation is strengthened by the data 
of Grunnet and Katz (1978), Mullhofer e t al. (1977) and 
Friedmann e t al. (1971) who reported the redistribution of 
14
c-isotope into metabolic intermediates from [1- 14 c] and 
[2- 14 c] lactate metabolism by liver consistent with the 
operation of a futile cycle involving the following 
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reaction sequence: Lact ~ Pyr ~ OxAc ~Mal~ Fumarate ~ 
Mal~OxAc~PEP~Pyr---'1Lact. The effect of such reac-
tions on the 14c-isotope distribution from [2- 14 cJ lactate 
ld b t · h f 14 c · · b wou e o increase t e amount o -isotope in car on 3 
of lactate and thus decrease the C-1/C-3 ratio which is 
consistent with the data of Table 6.2. 
6.5.3 Quantitative estimates of the pentose cycle in 
isolated hepatocytes 
It is established (Section 5.5.2) that the value 
for the percentage contribution of the pentose cycle cal-
culated from the C-2/C-5 ratio in glucose 6-phosphate is 
the sum of the oxidative metabolism and the contribution 
f 14c . h . o -isotope exc ange reactions. Calculations based on 
14 C-isotope distribution can be misleading since they do 
not necessarily measure net flow of carbon, instead they 
frequently measure incorporation of isotope through exchange 
reactions. In the extreme case, the isotope distribution 
in glucose 6-phosphate following the metabolism of [5- 14 cJ 
glucose shown in Table 6.1 could arise entirely from the 
coupled transketolase, transaldolase reactions or by rever-
sal of the reactions of the L-type pentose cycle with no 
glucose carbon flux through the oxidative segment of the 
pentose cycle. 
14 A qualitative estimate of the extent of C label 
distribution due to isotope exchan ge via transketolase-
transaldolase reactions can be made from the analysis of 
the distribution of 14 C-isotope in the carbon atoms of 
glucose 6-p11osphate following the metabolism of [2- 14 cJ 
glucose. Non-oxidative formation of pentose 5-phosphate 
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V&a the coupled transketolase, transaldolase exchange 
mechanism from [2- 14 cJ glucose yields [2- 14 cJ pentose 5-
phosphate (Katz and Rognstad, 1967). 14 When [2- CJ pentose 
5- phosphate is metabolized via the L-type pentose cycle, 
the 14c-isotope is redistributed into position 3 of glucose 
6-phosphate . Examination of the data in Table 6.1 shows 
very little incorporation of 14 c into position 3 of glucose · 
· 14 6-phosphate from [2- CJ glucose . It is concluded that 
non-oxidative formation of pentose 5-phosphate via the 
coupled transketolase-transaldolase reactions does not con-
tribute to any great extent to the redistribution of 
isotope in glucose 6-phosphate. 
It is a theoretical condition of the method for 
measuring the L-type pathway that only one pool of triose 
phosphate contributes to the re-synthesis of hexose 6-
phosphate (for a discussion of this assumption see Section 
5 . 3) . If the equilibration of the triose phosphate pools 
did occur, a C-2/C-5 ratio of 0.25 would represent 100 % L-
type pentose cycle. 14 Furthermore, when [2- CJ gl ucose was 
the substrate, equilibration of the two triose phosphate 
pools would predict a significant incorporation of 14 c-
isotope into position one of glucose 6-phosphate. The data 
of Table 6 . 1 support the proposition that there is little 
or no equilibration of the two triose phosphates formed by 
the reactions of the L-type pentose cycle. 
f 70 14c . f The redistribution o 13 to 1 ~ -isotope rom 
[5- 14 cJ glucose into position 2 of hexose 6-phosphate is 
largely due to the reactions of the L-type pentose cycle. 
The quantitative contribution of the L-type pentose cycle 
to the metabolism of glucose lies between 22% and 30% based 
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upon the ratio of the specific radioactivities of carbons 2 
and 5 of glucose 6-phosphate. The contribution o f 14 c 
ex~hange reactions does not appear to be large based on 
J t'.l 
the redistribution of ' C c arbon 3 of hexose 6-phosphate 
following the metabolisrrPfL2- 14 cJ glucose. Theoretically 
these values may represent an underestimate since it has 
been assumed that there is no isotopic equilibration of the 
pools of triose phosphate but complete isotopic equilibra-
tion of glucose 6-phosphate with fructose 6-phosphate. The 
valu~s reported here are considerably higher than any pre-
viously reported for liver and show that glucose carbon 
flux through the L-type pentose cycle is a major component 
of glucose metabolism in liver. This finding is consistent 
with the high levels of pentose pathway enzymes found in 
liver (Novello and McLean, 1968) relative to the activities 
of enzymes which catalyze glucose catabolism by "alternate" 
pathways. 
7 .1 
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CHAPTER 7 
MEASUREMENTS OF THE L-TYPE PENTOSE PHOSPHATE 
CYCLE IN REGENERATING LIVER AND HEPATOMA 5123TC 
Prefatory Comment 
The results of the preceding chapter indicate that 
the expression derived in Chapter 5 (5.3) is valid for 
estimating the percentage contribution of the L-type pen-
tose cycle in liver tissue and confirmed the major 
assumptions involved in the derivation of the expression. 
The results encouraged the use of this experimental 
approach for examining the pentose cycle in re genera ting 
liver and hepatoma 5123TC. The incubation conditions and 
experimental techniques adopted in what follows were 
identical to those described in the preceding chapter ex-
cept that the isolation and degradation of lactate follow-
ing metabolism of [2- 14 cJ glucose was not considered useful 
(see Section 6.5.2) and was not performed for these cells. 
7.2 14 C-isotope distribution in glucose 6-phosphate 
following the metabolism of [5- 14 cJ glucose by 
cells from 24h regenerating liver 
The data of Table 7.1 show the percentage of 14 c-
isotope in the carbon atoms of glucose 6-phosphate follow-
ing the metabolism of [5- 14 c] glucose by isolated cells. 
The distribution of isotope in glucose 6-phosphate isolated 
from cells of regenerating liver shows a similar qualitat-
ive pattern to that of normal liver with the largest 
percentage of redistributed 14c-isotope being located in 
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T a b l e  7 . 1 :  
T h e  d i s t r i b u t i o n  o f  
1 4
c  i n  t h e  c a r b o n  a t o m s  o f  g l u c o s e  6 - p h o s p h a t e  f o l l o w i n g  t h e  m e t a b o l i s m  o f  [ 2 -
1 4
c ] ,  
1 4  
5 - C  a n d  
4 ,  5 ,  6 -
1 4
c  L g l u c o s e  b y  i s o l a t e d  c e l l s  f r o m  n o r m a l  a n d  2 4 h  r e g e n e r a t i n g  l i v e r  c e l l s  a n d  
h e p a t o m a  5 1 2 3 T C  
1 4  
1 4  
1 4  
[ 2 - c ]  g l u c o s e  
[  5 - C ]  g l u c o s e  
[ 4 , 5 , 6 - c ]  g l u c o s e  
C a r b o n  N o .  
N . L .  (  7 )  
R . L .  
(  4 )  
5 1 2 3 T C  ( 2 )  
N . L .  
(  4 )  
R . L .  
(  4 )  
5 1 2  3 T C  (  3 )  
N . L .  
R . L .  
1  
2 . 5 ± 0 . 8  
2 . 7 ± 1 . 1  
8 . 9  
0 . 6 ± 0 . 2  
0 . 8 ± 0 . 3  
0 . 3  
2 . 0  
1 . 8  
2  
6 6 . 8 ± 5 . 7  
6 6 .  1 ± 5 .  7  
3 0 . 8  
1 7 . 7 ± 2 . 7  
9 . 2 ± 1 . 7  
2 1 .  4  
1 2 . 1  
5 . 7  
3  
4 .  2  ± 0 .  9  
2 . 5 ± 0 . 6  
1 5 . 1  
1 .  9  ± 0 .  2  
3 .  1 ±  1 ·.  3  
2 . 2  
2 . 7  
1 . 5  
4  
1 . 8 ± 0 . 4  
6 . 4 ± 2 . 6  
1 7 . 2  
1 1 . 5 ± 2 .  7  
4 . 9 ± 2 . 0  
7 . 4  
3 0 . 0  
3 2 .  9  
5  
2 1 .  8 ± 4 .  0  
1 6 . 9 ± 1 . 8  
2 1 . 0  
7 0 . 8 ± 5 . 6  
8 1 . 3 ± 4 . 1  
6 7 . 2  
2 4 . 3  
2 7 . 1  
6  
2 . 9 ± 0 . 9  
5 . 5 ± 2 . 1  
7 . 3  
1 . 4 ± 0 .  3  
1 . 6 ± 0 . 6  
1 . 4  
2 8 . 7  
3 1 . 3  
%  R e c o v e r y  
8 4 %  
1 0 3 %  
1 0 2 %  
8 7 %  
9 2 %  
1 0 2 %  
9 6 %  
7 9 %  
T h e  d i s t r i b u t i o n s  o f  
1 4
c - i s o t o p e  i n  t h e  c a r b o n  a t o m s  o f  g l u c o s e  6 - p h o s p h a t e  f o l l o w i n g  t h e  m e t a b o l i s m  o f  
s p e c i f i c a l l y  l a b e l l e d  g l u c o s e  b y  i s o l a t e d  c e l l  p r e p a r a t i o n s  f r o m  n o r m a l  a n d  2 4 h  r e g e n e r a t i n g  l i v e r  a n d  h e p a t o r n a  
5 1 2 3 T C  a r e  s h o w n .  T h e  d e t a i l s  o f  t h e  i n c u b a t i o n  c o n d i t i o n s  a n d  d e g r a d a t i o n  p r o c e d u r e s  a r e  g i v e n  i n  t h e  l e g e n d  t o  
T a b l e  6 . 1 .  T h e  v a l u e s  s h o w n  a r e  t h e  m e a n ± S E M  f o r  t h e  n u m b e r  o f  d e t e r m i n a t i o n s  i n  p a r e n t h e s e s .  
I - '  
0 0  
I - '  
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carbon 2 . Quantitatively the extent of the redistribution 
from carbon 5 to carbon 2 is much less in regenerating 
liver cells than normal liver cells. The net increase of 
isotope in carbon 2 is 7.9% and the resulting C-2/C-5 ratio 
is 0 . 10 . Using equation 5.3, the contribution of the 
L-type pentose cycle is calculated to be 11 %. This some-
what surprising result indicated that only 1/2 to 1/3 as 
much glucose was metabolized via the complete L-type pentose 
cycle by isolated hepatocytes from regenerating liver com-
pared with cells isolated from normal adult liver in terms 
of total glucose metabolism. 
7 . 3 14c-isotope distribution in glucose 6-phosphate 
following the metabolism of [2- 14 cJ and [4,5,6- 14 cJ 
glucose by cells from 24h regenerating liver 
The data of Table 7.1 also shows the percentage of 
14 C-isotope in the carbon atoms of glucose 6-phosphate 
following the metabolism of [2- 14 c] and [4,5,6- 14 c] glucose. 
As discussed in the preceding chapter, the use of 
[4,5,6- 14 cJ glucose allows for the estimation of the extent 
of the reactions of gluconeogenesis from triose-phosphate 
and their influence on the distribution of 14 c isotope in 
the carbon atoms of glucose 6-phosphate. The results shown 
for regenerating liver indicate a net increase of isotope 
in carbon atoms 1,2 and 3 of g lucose 6-phosphate of 0.6, 
4 . 1 and -0 . 2% respectively. These results are taken to 
indicate that tl1e reactions of gluconeogenesis do not 
influence the isotope distribution to any si gnificant ex-
tent in regenerating liver . The observation that 4.1% of 
isotope is found in carbon 2 of glucose 6-phosphate is 
183. 
consistent with the data when [s- 14 c] glucose is substrate 
and indicates the operation of the L-type pentose cycle 
in these cells . The net increase of isotope incorporation 
into carbon 2 of glucose 6-phosphate from [4,5,6- 14 cJ 
gl uco se is 10.5 % from normal liver cells which is 2.6 fold 
higher than that shown for regenerating cells. This result 
is consistent with the data for [s- 14 cJ glucose metabolism 
where the net increases in isotope incorporation are 16.4 
and 7 . 9% for normal and regenerating cells respectively, 
i.e. a 2.1 fold difference . 
The 14c-isotope distribution in gl ucose 6-phosphate 
followi ng the metabolism of [2- 14 cJ gl ucose by regenerating 
liver cells is very similar to that of normal liver cells 
(Table 7 .1 ) . The net increase of isotope into carbon 5 of 
glucose 6-phosphate (16 . 3%) is indicative of an active 
tr ansaldolase exchange reaction in these cells and is 
similar to that of normal liver (Section 6.3). There is 
very little isotope distributed into carbons 1 or 3 (2 . 7 
and 1.6 % respectively) which indicates very little activity 
of the F-type pentose cycle . Calculations of the F-type 
pentose cycle from C-1/C-2 and C-3/C-2 ratios (Wood et al ., 
1963) yield values of 2.1% and 3.3 % respectively. The 
absence of any significant 14 c-isotope inc~rporation into 
C-1 and C-3 of gl ucose 6-phosphate also indicates that the 
· f 14 h . . f d influence o C exc ange reactions is not a - actor an 
that the assumption regarding separate pools of triose 
phosphate is probably valid based on the arguments present-
ed in the preceding chapter . 
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14c · d · b 
-isotope istri ution in glucose 6-phosphate 
following the metabolism of [5- 14 cJ glucose by 
hepatoma 5123TC cells 
The percentage of isotope in the carbons of glucose 
6-phosphate isolated from hepatoma 5123TC cells following 
incubation with [s - 14 cJ glucose (Table 7 .1) is very similar 
to that seen with normal liver. There is a net increase of 
20 l o f 14 c . . d . b f 
. ~ o -isotope incorporate into car on 2 o glucose 
6-phosphate and very little distribution into other posit-
ions with the exception of carbon 4 (5 .3 %). The resulting 
C-2/C-5 ratio is 0.30 and the percentage contribution of 
the pentose phosphate cycle from equation 5.3 is 42.9%. It 
should be noted that this value represents the sum of L-
1 · · d 14 c · h type pentose eye e activity an -isotope exc ange 
reactions (Secti on 5.5.2) and is conditional on the extent 
of these reactions as judged by the 14c-isotope distribu-
tion following [2- 14 cJ glucose metabolism. 
7.5 14 C-isotope distribution in glucose 6-phosphate 
following the metabolism of [2- 14 c] gl ucose by 
hepatoma 5123TC cells 
The data of Table 7.1 indicates a signifi cant 
qualitative difference in the distribution of isotope fol-
14 lowing the metabolism of [2- CJ g lucose by the hepatoma 
cells relative to normal hepatocytes. The incorporation of 
14
c-isotope into carbon 5 is similar to that seen in normal 
liver and indicates the operation of an active transaldol-
ase exchange reaction. However, a significant amount of 
isotope is also found in carbons 1,3,4 and 6. It is import-
ant to emphasize that the estimates of the pentose cycle 
• ! • r o • "• • ' I •,, I , I• 1, I., t • I• • l f I I 1. •I, I I 1)1 
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for normal and re ge neratin g liver were largely dependent 
on the low levels of isotope distribution into carbon 
atoms other than 2 and 5. This does not appear to be the 
case with the hepatoma cells . The large amount of isotope 
incorporation into carbons l . and 3 of glucose 6-phosphate 
14 from [2- CJ glucose could indicate the operation of the 
F-type pentose cycle 1n this tissue and/or very rapid 14 c-
exchange cycle (Section 4.9.2) activity. Values of the 
percentage F-type pentose cycle calculated from the C-1/C-2 
and C-3/C-2 ratios (Wood et al ., 1963) are 20.4 and 92.0% 
respectively. The very high percentage from the C-3/C-2 
ratio indicates that the isotope redistribution is 1n large 
part due to isotope exchange reactions rather than to 
operation of the F-type cycle. The isotope distribution 
pattern is further complicated since the data from [s- 14 cJ 
glucose indicates operation of the L-type cycle in these 
cells which would tend to dilute the specific radioactivity 
of carbon 2 of glucose 6-ph~sphate and provide a pool of 
[l,3- 14 c] labelled triose-phosphate which could participate 
in the transaldolase exchange reaction. This latter 
possibility may in part explain the incorporation of iso-
tope into carbons 4 and 6 of glucose 6-phosphate. 
7 6 14c . h . . -isotope exc ange reactions 
As discussed in the preceding chapters (Sections 
4. 9. 2., 5. 5. 2) the operation of specific transketolase ex-
change reactions and/or the exchange cycle caused by the 
reversibility of the non-oxidative segment of either the L 
or F-type pentose pathway may act to influence the isotope 
distribution patterns in glucose 6-phosphate and thus 
• • ' 
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complicate the interpretation of these data. In the 
14 previous chapter, the use of [2- CJ glucose as a diagnos-
tic substrate for the operation of these exchange reactions 
was treated in relation to the isotope distribution pattern 
1n glucos e 6-phosphate isolated from normal hepatocytes. 
In particular, it was considered that the operation of 
these exchange reactions would result in isotope incorpor-
14 ation into carbon 3 of glucose 6-phosphate from [2- CJ 
g lucose. The data of Tables 6 .1 and 7.1 shows that these 
exchange reactions are not a factor in normal or regenerat-
ing liver cells. Therefore, although the percentage 
pentose cycle calculated from C-2/C-5 ratios using equation 
5.3 represent the sum of oxidative pentose cycle flux and 
14 C-exchange reactions (Section S.5 .2 ), the values calcu-
lated for these two tissues may be considered to be 
reasonable estimates of the flux through the L-type pentose 
cycle. The situation in the tumour, however, is much more 
complex. The data of Table 7.1 indicates a net increase 
f 14 9 ° f 14 c · · b 3 f 1 6 h h o . 7a o - -isotope 1n car on o g ucose -p osp ate. 
Thi~ incorporation of .isotope could arise from either the 
operation of the F-type pentose cycle (see Fig. 1.2) or by 
Reactions 7.1 and 7 . 2. 
2 [2- 14 cJ Fru-6-P + Gra-3-P~ 3 [2- 14 cJ pentose 5-P (7.1) 
3 [2- 14 cJ pentose 5-P~ 2 [3- 14 cJ hexose 6-P + Tri-P (7.2) 
Reaction 7 .1 is the reversal of the non-oxidative segment 
of the F-type pathway (Section S.S.2) and Reaction 7.2 
represents formation of hexose 6-phosphate via the L-type 
pentose pathway. If this series of reactions occurred when 
[s- 14 cJ glucose is substrate then 14 c would be incorporated 
, • , , ' r t • • • ' l • •" •, I t• f • ' I • 1 ' t I t • • ~ •) I• , I r ' : ' I '\ I • It I ) 1 
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into C-2 of hexose 6-phosphate and the 42.9% PC value cal-
culated from equation 5.3 would represent the sum of the 
activity of the complete L-type pentose cycle plus the 
exchange cycle represented by Reactions 7.1 and 7.2. 
A further assumption of the method involving 
[5- 14 cJ glucose metabolism by tissues is that only one pool 
of triose phosphate contributes to the resynthesis of 
hexose 6-phosphate from pentose 5-phosphate (Section 5.3). 
[2 - 14 cJ 1 h b d d. . b f g ucose as een use as a iagnostic su strate or 
testing this assumption since equilibration of the two 
pools of triose-phosphate formed by the L-type pentose 
cycle (Fig. 5.1) would result in 14 c-isotope incorporation· 
into carbon 1 of glucose 6-phosphate. The data of Tables 
6.1 and 7.1 indicate that little or no equilibration of 
triose-phosphate pools occurs in normal or regenerating 
liver cells since the amount of isotope incorporated into 
carbon 1 of glucose 6-phosphate is small in these tissues 
(i.e. 2.5 and 2.7% respectively). However, there is a 
significant incorporation of isotope into carbon 1 of 
glucose 6-phosphate isolated from the hepatoma cells (8.9%) 
following the metabolism of [2- 14 cJ glucose. This incor-
p o rat i on may b e the res u 1 t o f t r i o's e - p ho s p hate p o o 1 -e q u i 1 i -
bration, however it should be recognized that it may also 
result from operation of the F-type pentose cycle. As one 
is unable to distinguish between these two options, further 
interpretation of the labelling pattern is rendered diffi-
cult if not impossible. 
The distribution of isotope from [2- 14 c] glucose 
into carbon 5 of glucose 6-phosphate is an indicator of the 
extent of the transaldolase exchange reaction (Section 5 . 5 . 3). 
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The data of Table 7.1 indicates that this reaction 1s very 
active in all three cell types with 21.8, 16.9 and 21.0 % 
f 14 c · f d · b f o -isotope oun 1n car on 5 o normal, regenerating 
and hepatoma cells respectively. The significant incorpor-
ation of isotope in carbon atoms 4 and 6 of glucose 6-
phosphate from 5123TC hepatoma cells reflects the 14 c-
isotope in carbons 3 and 1 respectively and further sup-
ports the proposal of a rapid activity of this exchange 
reaction and of the equilibration of triose-phosphates in 
this tissue. 
7. 7 Anomalous 14 c-isotope distributions 
A f 1 · f h 14c d · · b · h care -u scrutiny o t e 1str1 ut1on 1n t e 
carbon atoms of glucose 6-phosphate reveals two features 
which cannot be explained based on the preceding discussion. 
The first is the incorporation of a large percentage of 
14 isotope in C-4 of glucose 6-phosphate after [5- CJ metab-
olism by hepatocytes. No satisfactory explanation for the 
redistribution of isotope into this position is apparent. 
The second observation is the failure to find any net 
accumulation of isotope in C-1 of glucose 6-phosphate 
foll6wing [4,5,6- 14 cJ glucose metabolism. The use of 
[4,5,6- 14 cJ glucose in these exper·iments was intended pri-
marily as an estimate of the reactions of gluconeogenesis 
and the low levels of isotope found in C-1 and C-3 were 
taken to indicate that these reactions did not contribute 
significantly to isotope redistribution. However, it is 
evident from Fig. 5.1 that 14 c-isotope should be incorpor-
ated into C-1 from both C-4 and C-6 of glucose when 
[4,5,6- 14 cJ glucose is substrate. The predicted net 
'l • , , • r t •, , • I • t, I, I • 1, • •t I o , • • l I , I , J • f I I I I 
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accumulation of isotope in C-1 is compromised by recycling 
the reformed hexose 6-phosphate through the pentose cycle 
since all 14 c in C-1 will be lost as 14 co 2 , nevertheless 
closer analysis (see the Appendix) indicates that a signif-
icant amount of isotope should accumulate 1n C-1. There is 
no explanation for the absence of any net accumulation as 
shown in Table 7.1. These observations indicate that the 
metabolism of glucose by liver cannot be entirely explain-
ed by the reaction sequences discussed in this thesis. 
7.8 Conclusions 
14 14 The use of [2- CJ and [5- CJ glucose as diagnos-
tic substrates for the F-type and L-type pentose cycle 
mechanisms has been discussed in a preceding chapter 
(Section 5.6). The data of Table 7.1 indicates that the 
L-type pentose cycle is the maJor variant of the cycle in 
both normal and regenerating liver. This conclusion is 
based on the extent of 14 c in carbon 2 of hexose 6-phosphate 
following the metabolism of [5- 14 cJ glucose and the very 
1 f · · b 1 and 3 after [2- 14 cJ ow amounts o isotope 1n car ons 
glucose metabolism. The estimate of the pentose cycle in 
regenerating cells is 11 % and is unqualified with respect 
to isotope exchange reactions. The situation in the hepa-
toma cells, however, is more complex. The incorporation 
of isotope into carbon 2 of g lucose 6-phosphate following 
[5- 14 cJ glucose metabolism indicates a significant opera-
tion of the L-type pentose cycle in these cells. Assuming 
no gluconeogenic activity, the incorporation of 20.1 % of 
14
c-isotope into carbon 2 could only arise as a consequence 
14 of the formation of glucose 6-phosphate from [4- CJ 
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pentose 5-phospha te v~ a the non-oxidative segment of the 
L-type pentose cycle. However, the 14 [4- CJ pentose 5-
p~osphate could arise from a number of reaction sequences 
including non-oxidative formation via transketolase and 
transaldolase and 14 c-exchan ge reactions. The 14 c distri-
butions in carbons 1 and 3 of gl ucos e 6-phosphate following 
[2 - 14 cJ 1 t b 1· b k t b g ucose me a o ism may eta en o ea consequence 
of the operation of the F-type pentose cycle in this tissue ., 
although the C-1/C-3 ratio of 0.6 indicates that other 
reactions largely contribute to the accumulation of isotope 
in carbon 3 . The percentage L-type pentose cycle is 42.9% 
for the hepatoma, however as this value is not unqualified 
with respect to exchange reactions, it may be considered to 
be an over-estimate of the actual flux of carbon through 
the L-type pentose cycle and reflects instead an extensive 
contribution of exchange reactions. Thus the quantitative 
contribution of the pentose cycle in hepatoma cells remains 
unclear and there is little certainty that the problems 
will be easily resolved. 
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CHAPTER 8 
GENERAL DISCUSSION 
8 . 1 Introduction 
The experimental work described in this thesis has 
been based on the assumption that the major physiological 
role of the pentose phosphate pathway is the production of 
metabolic intermediates useful or necessary for biosynthesis. 
It was considered that growth conditions in hepatic tissues 
would be accompanied by increased metabolic flux through 
the pathway as a necessary prerequisite to cell growth and 
division. The analysis of this proposition has required 
experiments designed to elucidate the mechanism or sequence 
of reactions of the pathway in the various tissues under 
study prior to attempts to quantitatively assess the con-
tribution of the pathway usin g 14c-isotope methods. The 
d~ta presented in the preceding chapters is open to a 
number of possible interpretations. It is the intent of 
this final discussion to collate the results presented in 
the foregoing chapters in an attempt to gain a clearer 
understanding of the significance of glucose metabolism 
through the pentose phosphate pathway in growing hepatic 
tissues. 
8.2 Reversibility of the non-oxidative segment of the 
pentose phosphate pathway and 14 C-isotope exchange 
reactions 
The interpretation of all isotope experiments dis-
cussed in the preceding chapters has been based on the 
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assumption that the direction of net glucose carbon flux 
is from hexose to pentose in the oxidative segment of the 
pentose pathway and from pentose to hexose in the non-
oxidative segment. This assumption is based largely on the 
results of the experiments in vitro of Williams and 
Blackmore (unp-ublished results·) w}1ich demonstrated very 
little net formation of pentose phosphate from the incuba-
. . 14 14 
tion of [1- CJ and [2- CJ glucose 6-phosphate and 
fructose 1 , 6 bisphosphate with an enzyme preparation of rat 
liver (see Section 4.9.2). Further evidence supporting 
this vie~ is provided by the analysis of 14c-isotope dis-
tribution in the carbon atoms of pentose 5-phosphate and 
hexose following the metabolism of [1- 14 cJ and [2- 14 cJ 
glucose by a variety of cell types as discussed by Katz and· 
Rognstadt (1967) . The reversibility of the non-oxidative 
segment of the cycle and/or 14c-isotope exchange reactions, 
however, remain areas of some controversy in the literature 
as previously discussed (Section 4.9.2). Since the 
potential for operation of these reactions may compromise 
·e s t i ma t e s o f the L - typ e p en to s e c y c 1 e i t was cons i de re d 
pertinent at this point to discuss the possibilities and 
their influence in detail prior to attempting any analysis 
of the pentose cycle in tissues. 
A number of workers have concluded that in many 
organisms pentose phosphate is formed by both the oxidative 
and non-oxidative (F-type) pentose pathways and that the 
pentose cycle does not operate. This conclusion is based 
largely on the observed incorporation of 
the pentose moiety of nucleic acids from 
14c . . 
-isotope into 
14 [1- CJ g lucose. 
The extent of 14 c-isotope incorpor atio n into nucleic acids 
) 
\ 
\ 
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from [l- 14 c] and [6- 14c] glucose discussed in Chapter 4 is 
in good agreement with the results of other workers, however 
these results were interpreted as indicating the operation 
14 
of a series of C-exchange reactions (Scheme 4.2) rather 
than the net non-oxidative synthesis of pentose phosphate. 
It was considered in Chapter 5, that the operation of 14 c-
exchange reactions could act to influence the quantitation 
of the L-type pentose cycle and the - use 
as a diagnostic substrate was proposed. 
14 
of [2- CJ gl ucose 
The [2- 14 cJ 
glucose was chosen since non-oxidative formation of pentose 
5-p11osphate V&a reversal of the F-type pathway results in 
[2- 14 cJ pentose 5-phosphate. The metabolism of [2- 14 cJ 
pentose 5-phosphate via the L-type pathway results in 
[3 - 14 cJ h 6 h h f . exose -p osp ate ormation. The assumption that 
hexose 6-phosphate is formed from pentose 5-phosphate V&a 
the L-type mechanism was considered valid in light of the 
14
c-isotope distribution in glucose 6-phosphate following 
the metabolism of [s- 14 c] glucose. The results of Table 
7.1 do not show any 
isotope into carbon 
· ·f· · · f 14c signi icant incorporation o -
14 3 of glucose 6-phosphate from [2- CJ 
glucose, thus it was concluded that 14c-isotope exchange 
via reversal of the transketolase-transaldolase-transketolase 
reaction sequence is not a significant factor in determin-
ing the distribution of 14 c in reformed hexose 6-phosphate. 
It therefore appeared that the results of Chapter 
4 and Chapter 7 were in conflict. On the one hand it is 
. . f 14c . n e c es s a r y to p r op o s e the ex tens iv e ope rat i on o - i s. o top e 
h . . f 14c . exchange reactions to explain t e incorporation o into 
nuclei·c acids from [1- 14 cJ glucose and on the other the 14 c-
isotope distribution in the carbon atoms of glucose 
J ~ , • 1 ' I • • r I • • • ' I• ',. • ', 1 t • • I I 1 ' • I I , • t \' I • 1 I r • : ' ! ' I , •/ ,i/ I 
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6-phosphate following the metabolism of [2- 14 cJ glucose 
indicated that very little 14 C-isotope exchange occurred, 
at least via the transketolase-transaldolase-transketolase 
reac t ion sequence. This inconsistency in the results 
necessitates a re-examination of the possibilities for 
14c · h · h f 
-isotope exc ange 1n searc o a reaction sequence 
14 
which would explain how C could be incorporated into 
nucleic acids from [1- 14c] glucose and still be consistent 
with the isotope distribution pattern in reformed hexose 
6-phosphate . Further, it was necessary to assume that the 
hexose 6-phosphate was reformed via the L-type reaction 
sequence . It is clear that any reaction sequence or exchange 
reactions which result in formation of [2- 14 cJ pentose 
5-phosphate from [2- 14 cJ glucose will not satisfy these 
req uirements . Therefore, the reversal of the F-type pen-
tose pathway and the transketolase reaction between fruc-
tose 6-phosphate and xylulose 5-phosphate (Reaction 4.1) 
are not possibilities. The operation of the transketolase 
reaction between sedoheptulose 7-phosphate and xylulose 5-
phosphate 
tion into 
(Reaction 4.3) will not result in 14 c incorpora-
14 pentose from [1- CJ glucose and therefore is 
also eliminated as a possibility. 
The transketolase exchange reaction between xylulose 
5-phosphate and glyceraldehyde 3-phosphate (Reaction 4.2) 
however, does not result in [2 - 14 cJ pentose 5-phosphate 
from [2- 14 cJ glucose and warrants further consideration. 
In the following discussion the carbon atoms of hexose are 
represented as Hl, H2 etc., of pentose as Pl, P2 etc., and 
of triose-P as TRl, TR2 and TR3. The distribution of 
carbon atoms resulting from the tr ansketolase exchange 
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reaction are shown 1n equation 8.1. 
Pl Pl 
P2 TRl P2 P3 P3 
+ TR2 TRl P4 + P4 TR3 TR2 PS (8.1) PS TR3 
Xlu 5-P Gra-P Xlu 5-P Gra-P 
If it is assumed that the or1g1n of the carbon atoms of the 
triose phosphate is largely a consequence of the metabolism 
of glucose via the glycolytic pathway then the following 
substitution can be made (8.2): 
TRl 
TR2 
TR3 
= 
H 3, 4 
H2,5 
Hl,6 ( 8. 2) 
The resulting pentose 5-phosphate formed will then consist 
of the carbon atoms as shown in 8.3. 
Pl 
P2 
H3,4 
H 2, 5 
I-11,6 ( 8. 3) 
It 1s also convenient to express the carbon atoms Pl and P2 
1n terms of their hexose precursors. Since non-oxidative 
formation of pentose 5-phosphate will . result in [2- 14 cJ 
5 h h f [ 2_14C] pentose -p osp ate rom glucose, only pentose 5-
phosphate formed vi a the oxidative se gment of the pathway 
or endogenous pentose are candidates for the exchan ge 
reaction, thus Pl= H2 and P2 = H3 and the pentose 5-
phosphate can be re-expressed in terms of hexose carbons as 
shown in 8.4. 
H2 
H3 
H3 , 4 
H 2, 5 
Hl,6 
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(8.4) 
The metabolism of this pentose 5-phosphate v~a the L-type 
pentose pathway will result in hexose 6-phosphate as shown 
in 8.5 . 
H6 , l H4,3 
HS,2 H2 
I-I 3 
and H3 I-14 , 3 I-14,3 
HS,2 HS,2 
H6 , l H6,l ( 8. 5) 
In this series of reactions, carbon atoms 2 and 5 of 
hexose 6-P both contribute to position 2 of triose-P, thus 
[2- 14 cJ and [s- 14 cJ glucose will both yield [2,s- 14 cJ 
gl ucose 6-phosphate which is consistent with the data of 
T bl 7 1 I · 1 1 f 8 4 h 14 c · a e . . t 1s a soc ear rom . tat -isotope may 
be incorporated into nucleic acid pentose to the same ex-
14 14 . tent from both [1- CJ and (6- CJ glucose 1f the operation 
of this exchange reaction is very active relative to pen-
tose cycle flux. 
Although the operation of this exchange reaction 
will obviously affect the C-2/C-5 ratio in hexose 6-
phosphate following the metabolism of [s- 14 cJ glucose, it 
will not change the estimate of the percentage contribution 
of the L-type pentose cycle since it is a prerequisite that 
the pentose 5-P participating in the exchange reaction 1s 
formed via the oxidative segment of the cycle. Further any 
d . · f 1 14 c · b 4 f it ilut1on o t e -isotope in car on o pentose resu -
ing from the exchange reaction will be reflected in both 
carbon 5 and carbon 2 of reformed hexose 6-phosphate and 
'· 1 ' • • '. , ', ., •• '.· • ... •• ••• ••• ' • • t I . , I t .1· 1., 1, fl:.,· ,·1•,1;•:i 
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therefore will not change the ratio . 
Thus the operation of th~ transketolase exchan ge 
reaction (8.1) followed by metabolism of the pentose 5-
phosphate via the L-type pentose cycle is consistent with 
h 14 c · d d · h h t e -isotop e ata reporte int is t esis. The pre-
dicted 14 c-isotope distribution ·in ·the carbon atoms of 
pentose 5-phosphate (8.4) however, is not consistent with 
those reported by other workers . Hiatt (195 7) measured . 
the distribution of 14 c-isotope in the pentose moiety of 
RNA of HeLa cells grown in media containing either [1- 14 cJ 
14 
or [2- CJ glucose as shown below: 
Carbon No. 14 [1- CJ glucose 14 [2- CJ glucose 
1 
2 
3 
4 
5 
52.8 % 
4.9 
8.2 
0.5 
33.6 
23.3 % 
37.0 
11.6 
22.3 
5.8 
Although these results are not from hepatic tissue (and 
therefore an alternative pathway may be acting in these 
cells), they are not what might be expected from the reac-
. 14 
tion sequence discussed above. The metabolism of [1- CJ 
14 glucose should result in Conly in C-5 of pentose (see 
8.4) whereas the data shows more than 1/2 the total isotope 
in C-1. The metabolism of [2- 14 c] glucose should yield 
[l,4- 14 cJ pentose, and althbu gh 45.6 % of isotope is located 
in these two carbon atoms , an additional 37 % is located in 
b 2 h . . f 14 c . C 1 f car on . Te incorporation o into - o pentose 
from [1- 14 cJ glucose and into C-2 from [2- 14c] g lucose is 
consistent with the operation of the transketolase-
transaldolase-transketolase sequence of reactions . 
llorecker e t al . (1958) adm.inistered [2- 14 cJ glucose 
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to rats every 6h for 56h following 90 % hepatectomy and 
isolated and degraded RNA-ribose, DNA-deoxyribose and 
giycogen from the regenerating liver. The 14 c in these 
sugars were found to be distributed as shown below: 
Carbon No. RNA ribose DNA deoxyribose Glycogen-glucose 
1 2 8 % 32% 15 % 
2 42 31 42 
3 9 11 9 
4 15 14 14 
5 7 11 12 
6 9 
These results show that C2 of pentose 5-P contains a sig-
nificant amount of 14 c, however very little 14 c was found 
in C-3 of g luco se in glycogen. The 14 c in C-1 and C-4 of 
pentose is consistent with the operation of the transketo-
1 as e exchange re a c t i on di s cu s s e d ab o v e . I t i s o f no t e that 
the 14C-labelling pattern in the hexose shown above is not 
consistent with the data of Table 7.1 . The use of this 
in vivo system and the length of time the animal was ex-
posed to the 14c-labelled glucose makes analysis of this 
data very complex since it is certainly true that some 
14 fraction of the C glucose was metabolized by tissues other 
14 than the liver and the C may . then have been presented to 
14 14 the liver as (-lactate or C-lipid. Thus a complex 
randomization of 14 c could have occurred prior to its incor-
poration into glycogen or nucleic acid. 
f h 14c . The que s tion o ow -isotope 1s incorporated 
into pentose S-pl1osphate is central to the argument of 
whether or not there is any net flux in the direction of 
pentose 5-phosphate formation v ia non-oxidative mechanisms. 
As previously discussed, the net formation of pentose 
' 1 • • r ' • • , ' I t • I • • • I 1 • • 1 I • , • ~ i' I , 1 1 f • 1 I I I• I t I JI! :·i' 
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5-phosphate in vitro is very small and the distribution of 
isotope in the small amounts of pentose 5-phosphate formed 
indicated that it was formed vi a the reversal of the F-
type mechanism (see Section 4.9.2). The results discussed 
above suggest that for cell preparations this series of 
reactions does not contribute significantly to the formation 
of pentose 5-phosphate in liver, although it may be respons-
ible for formation of pentose in HeLa cells. The transketo-
lase catalyzed reaction between xylulose 5-phosphate and 
glyceraldehyde 3-phosphate, however, will account for the 
results presented here and may also play a role in the 
distribution of isotope in HeLa cells. There is an import-
ant distinction between the reversal of the F-type pathway, 
which may lead to net pentose 5-phosphate formation, and 
the transketolase exchange reaction in which there can be 
no net formation of pentose 5-phosphate since the reactants 
and products are the same and only isotope is exchanged. 
Since the transketolase exchange reaction (8.1) is more 
consistent with the data described in this thesis, it is 
tentatively concluded that this reaction is largely respons-
f f 14c . . s ible -or the incorporation o -isotope into pentose -
phosphate and nucleic acid and therefore there 1s no net 
synthesis of pentose 5-phosphate by non-oxidative reac-
tions in liver. 
8.3 Anomalous observations 
The results presented here have been interpreted 
largely ,1ithin the framework of the reaction schemes shown 
1n h . f 14c . Figs. 1.2 and 1.3. Te curious appearance o -isotope 
1n C-4 of glucose 6-phosphate following [s- 14 cJ glucose 
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metabolism by i~olated hepatocytes (Chapter 6), and the 
14 failure to find any C in C-1 of glucose 6-phosphate 
after the metabolism of [4,5,6- 14 cJ glucose are inexplic-
able in terms of these reaction schemes or any other known 
reactions of the intermediates of the pentose pathway. 
These resul ·ts suggest that other as yet unknown reactions 
exist for the metabolism of these intermediates. The 
formation of hexose 6-phosphate from altro-heptulose-7-
phosphate as sole substrate (Chapter 3) is a case in point. 
This observation has been previously reported (Williams et 
al ., 1978b) and was considered to be the result of a coupled 
transketolase-transaldolase reaction giving rise to fruc -
tose 6-phosphate and octulose 8-phosphate. The potential 
for this reaction has recently been confirmed using commer-
cial preparations of transketolase and transaldolase (from 
ye as t) C Co rt i s , W i 11 i ams and W i 11 i ams on , u n p u b 1 i sh e d 
results) although its quantitative significance in liver 
is unknown. The formation of hexose 6-phosphate by liver 
enzymes from erythrose 4-phosphate has also been observed. 
The reaction mechanism involved is untested, however it 
could be explained by the interconversion of D-erythrose 
4-phosphate with L-erythrulose 4-phosphate followed by a 
transketolase catalyzed reaction betHeen these two tetrose 
phosphates to yield fructose 6-phosphate and glycoaldehyde 
phosphate . Neither of thes.e tHo reactions can explain the 
anomalous 14 c-isotope distributions mentioned above . 
The metabolism of arabinose 5-phosphate by liver 
enzymes appears to be complex. In addition to the inhibi-
tion of transaldolase previously reported (Williams et al ., 
1978b), the rate of triose phosphcitc formation from arabinose 
,. 
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5-phosphate has been shown to be very concentration depend-
ent (Fig . 8 . 1) and the rate of hcxose 6-phosphate formation 
from ribose 5-phosphate is inhibited in the presence of arabinose 5-P 
( F i g . 8 . 2 ) ( W i 11 i ams and c o - w o r k e r s , u n pub 1 i s h e d re s u 1 t s ) . 
Further, it has recently been established that a product 
of arabinose 5-phosphate metabolism by rat liver enzymes 
is a potent inhibitor of glucose 6-phosphate dehydrogenase. 
The metabolism of arabinose is further complicated by the 
observation that D-arabinose is converted to L-lactate and 
g l ycollate by enzymes of porcine liver (Chan, J.Y., 
Nwokoro , N. A. and Schachter, H. (1979) J . Biol. Chern. 254, 
7060-7068) . Thus the metabolism of arabinose 5-phosphate 
and its role in the regulation of flux through the oxi-
dative segment of the pentose pathway adds complexity to 
the already intricate mechanisms of regulation discussed 
in Section 1 . 2 . 1. 
The metabolism of arabinose 5-phosphate, the 
octulose phosphates and manno-heptulose ?-phosphate are all 
areas where very little is known. It is considered that 
elucidation of the metabolism of _ these sugar phosphates, 
particularly in relation to the arabinose 5-phosphate 
epimerase and the phosphotransferase enzymes is a necessary 
step to understanding the significance and regulation of 
the pentose phosphate pathway and cycle. 
f 14 c · d d. Since the interpretation o -isotope ata is-
cussed in the preceding chapters is dependent on the pre-
dicted randomization of the carbon atoms of glucose 6-
phosphate as it is metabolized vi a the pentose pathway, a 
complete understanding of the metabolism of the inter-
mediates of the pathway is essential to a ''true'' 
Fig. 8.1: The rate of formation of glyceraldehyde 3-
phosphate from arabinose 5-phosphate by rat 
liver enzymes 
The figure shows the rates of glyceraldehyde 
3-phosphate formation as a function of arabinose 5-phosphate 
concentration by an acetone-dried powder extract of rat 
liver enzymes. The rate of glyceraldehyde 3-phosphate 
formation was determined spectrophotometrically by recording 
the change in optical density at 340nm. The data shown are un-
published results of Williams and co-workers (manuscript in 
preparation). 
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Fig. 8.2: The effect of arabinose 5-phosphate on the rate 
of hexose 6-phosphate formation from ribose 5-
phosphate by rat liver enzymes 
The rate of hexose 6-phosphate formation from 
ribose 5-phosphate was determined using the procedure 
described in Section 2.11 except that the enzyme prepara-
tion used was a buffered extract of an acetone-dried powder 
of rat liver. Arabinose 5-phosphate inhibition of the 
rates were determined by the addition of this sugar phos-
phate to th c incubation at con cent rations of O , ( x) ; 0 . 1 mM , 
(•); 0. 25mM, (o); 0. SmM (~~; and lmM, (o). The data 
shown are from Williams and co-workers (manuscript 1n 
preparation). 
, -
•  
c o  
C ' )  
· -
L L .  
3  
. . . . . . . .  
0 ,  
E  
' - . .  
C :  
· -
- t  2  
e n  
C 1 )  
-
0  
E  
0  
C :  
r o  
C  
. . _ , _ .  
1  
>  
0 : 2  
o : 4  o · . 6  
A S P  C o n c e n t r a t i o n  
o : a  
( i n M )  
1 . 0  
Fig. 8.2: The effect of arabinose 5-phosphate on the rate 
of hexose 6-phosphate formation from ribose 5-
phosphate by rat liver enzymes 
The rate of hexose 6-phosphate formation from 
ribose 5-phosphate was determined using the procedure 
described in Section 2.11 except that the enzyme prepara-
tion used was a buffered extract of an acetone-dried powder 
of rat liver. Arabinose 5-phosphate inhibition of the 
rates were determined by the addition of this sugar phos-
phate to the incubation at concentrations of 0, (x); O. lmM , 
(•); 0. 25mM, (o); 0. SmM C1J; and lmM, (o) . The data 
shown are from Williams and co-workers (manuscript in 
preparation). 
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interpretation of the data . Thus the interpretations dis-
cussed her~ must be acknowledged to be tentative and depen-
dent upon the validity of the assumption that the 14 c-
distribution reactions known at this time are dominant and 
that the existence of other as yet unknown reactions will 
not alter the conclusions reached here. 
8 .4 The pentose phosphate cycle in normal liver 
The results of Chapter 6 show that a significant 
proportion of glucose carbon is catabolized vi a the L-type 
pentose phosphate cycle (22-30%) by cells from normal 
liver. The F-type cycle does not appear to operate in 
these cells, nor does there appear to be any net formation 
or exchange of 14 c-isotope into pentose 5-phosphate v~a a 
reversal of this reaction sequence based on the use of 
[2- 14 cJ glucose as a diagnostic substrate. The relatively 
high level of pentose cycle activity in normal liver is 
consisent with the activities of the enzymes of this path-
way relative to the activity of other glucose catabolizing 
enzymes . The failure to detect any F-type pentose cycle 
activity in liver in spite of the presence of transaldolase 
in this tissue may be due in part to the inhibition by 
arabinose 5-phosphate of the mass transfer reaction cata-
lyzed by this enzyme (Williams et al ., 1978b) and the pre-
dominance of aldolase activity which would direct the flow 
of carbon into octulose 1,8-bisphosphate synthesis. The 
distribution of 14 c-isotope into the various cell compon-
ents from [1- 14 cJ and [6- 14 cJ g lucose (Chapter 4) are in 
reasonable agreement with the exp e cted distribution (Katz 
et al ., 1975) and provide a basis for comparison with the 
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regenerating liver and hepatoma 5123TC results. The 
results of Chapter 4 indicate very little glucose carbon 
is directed into nucleic acid in normal liver cells which 
supports the argument that a large fraction of the pentose 
5-phosphate formed by the pentose pathway is recycled, 1.·e. 
the direction of carbon flux is from pentose to hexose 1n 
the non-oxidative segment of the pathway. The very high 
activity of the pentose cycle in liver and the slow rate of 
pentose 5-phosphate incorporation into nucleic acids indi-
cates that nucleic acid synthesis is not the driving - force 
which directs glucose carbon into the pentose cycle. The 
cycle in normal liver may be viewed as an "idiling" path-
way which produces CO 2 and triose phosphate as by-products, 
and maintains the NADP/NADPH redox couple in the reduced 
state. The net formation of triose phosphate via the cycle 
1s seen to be a means of by-passing the energy-requiring 
and regulatory enzyme phosphofructokinase in the glycolytic 
pathway. The triose phosphate may be directed into the 
lower half of the glycolytic pathway to produce ATP and 
into the tricarboxylic acid cycle for the same purpose or 
may be directed into glycerol or protein e tc. It is likely, 
however, that under most conditions the regulation of the 
"idiling" of the pentose cycle in normal liver is through 
the NADP/NADPH redox couple and the associated de-
inhibition mechanisms of glucose 6-phosphate dehydrogenase 
activity previously discussed (Section 1.2.1). Under con-
ditions of increased demand for NADPH, for example when the 
rate of fatty acid synthesis is high due to a high dietary 
intake of carbohydrate, the "idiling" may be increased to 
accommodate the demand . The large increase in activity of 
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glucose 6-phosphate dehydrogenase under these dietary con-
ditions supports this view. Thus an increased flux of 
g lucose carbon through the pentose phosphate cycle in 
regenerating and neoplastic liver should occur only if 
there is a greater demand by these tissues for NADPH which 
cannot be met by other means such as 'malic' enzyme since 
the production of pentose 5-phosphate is far in excess of 
requirements. 
8.5 The pentose phosphate pathway in regenerating liver 
following partial hepatectomy, the liver remnant is 
a rapidly growing tissue which regains its original mass in 
approximately 4 days (Bucher, 1963). It was considered 
that this rapid growth rate should result in a significant 
increase in the flux of carbon through the pentose phosphate 
pathway to meet the demands for NADPH required for reductive 
biosynthesis. This speculation is supported by the 2 fold 
increase in the maximum catalytic capacity of glucose 6-
phosphate dehydrogenase, the regulatory enzyme of the oxi-
dative segment of the pathway, in regenerating liver 
eel 3) 1'he 1 f 14 c · d. 1apter . resu ts o -isotope stu ies using 
[1- 14 cJ and [6- 14 cJ glucose (Chapter 4) may also be inter-
preted as implying an increased flux of glucose carbon 
through the pentose pathway. The C-1/C-6 ratio in CO 2 is 
2.2 in regenerating liver compared to 1.9 in normal liver. 
As previously discussed, the C-1/C-6 ratio may represent 
various combinations of metabolic pathways since the ratio 
is a function of 3 independent variables . However, the 
similarity in absolute terms between the amounts of 14c-
isotope recovered in CO 2 following the metabolism of 
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14 C-labelled glucose by the two cell types suggests that 
the metabolism is similar in these tissues. If it is 
assumed that the rate of glucose utilization, the specific 
radioactivity of glucose 6-phosphate and the extent of 
oxidation of C-3 of pyruvate is nearly the same in normal 
and regenerating liver, then the C-1/C-6 ratio may be 
interpreted as showing a slight increase in the metabolism 
of glucose 6-phosphate via the oxidative segment of the 
pentose pathway in regenerating liver. The C-6/C-l ratio 
.in lipid may also be seen from a comparative viewpoint as 
indicating that the flux of carbon through the pentose 
phosphat~ pathway is greater in regenerating liver than 
normal liver. The C-6/C-l ratio is 2.9 for regenerating 
liver and 1.5 for normal liver. The increase in the ratio 
for regenerating liver may be taken to imply that more of 
the triose phosphate consisting of carbons 4, 5 and 6 of 
glucose formed by Reaction F of Fig. 1.3 is incorporated 
into lipid in regenerating liver than normal liver. This 
may be a consequence of increased flux of carbon throu gh 
the oxidative segment of the pentose pathway and/or a 
decrease in the utilization of this triose phosphate for the 
resynthesis of hexose 6-phosphate v i a octulose 1,8 bisphos-
phate. This latter interpretation is consistent with the 
decrease in the pentose cycle activity treated in Chapter 7 
and below. It is emphasized that the results discussed 
above and this interpretation apply only to the pentose 
pathway and not to the pentose cycle. 
h 14 . d. . b . d The results oft e C-1sotope re 1str1 ut1ons es-
cribed in Chapter 7 show that the F-type pentose cycle does 
not contribute significantly to glucos~ metabolism in 
zos. 
regenerating liver, that no net pentose phosphate formation 
occurs non~oxidatively, and that the .percentage of glucose 
metabolized via the L-type pentose cycle in this tissue is 
approximately 11 %. Thus, assuming glucose utilization to 
be the same in normal and regenerating liver, the amount 
of glucose 6-phosphate metabolized through the L-type 
pentose cycle is 1/2 to 1/3 that of normal liver. Even if 
glucose utilization is not the same in regenerating and 
normal liver, there is no selective activation of the pen-
tose phosphate cycle in regenerating liver. This observa-
tion is not necessarily in conflict with the conclusions 
reached above regarding the flux of carbon through the 
pentose phosphate pathway. The 14c-isotope distribution 
data (Chapter 7) result in estimates of the complete L-
type pentose cycle, i.e. from glu 6-P to pentose 5-P to 
1 6 P h h 14 co d 14c 1 · · d d fl 1 g u - , w ereas t e 2 an - ipi ata re ect on y 
segments of the cycle, i.e. from glu 6-P to pentose 5-P 
and CO 2 and from g lu 6-P to pentose 5-P and CO 2 to triose-P. 
One obvious interpretation of these results is that a 
smaller fraction of the glucose carbon entering the oxi-
dative segment of the pentose pathway completes the cycle 
in regenerating liver relative to normal liver. 
The decrease in total pentose cycle flux (but not 
pathway flux) may be the result of either a block in the 
flow of carbon at a regulatory site in the non-oxidative 
segment of the cycle and/or an increased utilization of one 
or more of the intermediates of the pathway via a sequence 
of reactions other than those which result in hexose 6-
phosphate formation. If a block in the flux of carbon 
occurred at a regulatory enzyme, the result would be an 
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accumulation of the intermediates preceding this reaction 
in the pathway. The intermediate concentrations of 24h 
rege nerating liver shown in Chapter 3 indicate an increase 
i n the concentration of heptulose 7-phosphate (relative to 
normal liver) . This could be taken to indicate that the 
phosphotransferase enzyme acts as a rate-limiting regulat-
ory enzyme in the non-oxidative segment of the pathway. 
Unfortunately , the concentrations of the other substrate, 
octulose 1 , 8 bisphosphate and of the products of the 
reaction , heptulose 1,7 bisphosphate and octulose 8-
phosphate , are not available and no definite conclusions 
regarding the regulation of the pathway at this point can 
be made . The concentrations of all three pentose 5-
phosphates are much reduced in regenerating liver relative 
to normal liver. This observation argues against blockage 
of flux at the phosphotransferase catalyzed reaction unless 
it is assumed that a large proportion of pentose 5-
phosphate accumulates as octulose 1,8 bisphosphate. It is 
also of note that the capacity of enzyme preparations from 
regenerating liver to catabolize ribose 5-phosphate and 
the rate of hexose 6-phosphate forma tion in vitro is not 
significantly different from normal liver. Thus it is con-
sidered that a block of carbon flux in the non-oxidative 
segment of the pathway is unlikely to be responsible for 
the marked decrease in pentose cycle flux~ In the absence 
of a block in flux throu gh the reactions of the pathway, a 
numb e r o f a 1 t c r n at i v e po s .s i b i J i t i e s co u 1 d exp 1 a i n the 
failure to observe complete pentose cycle activity in re-
generating liver consistent with the flux of carbon through 
the oxidative segment of the cycle. Any such mechanism 
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need only show that formation of glucose 6-phosphate from 
pentose 5-phosphate is reduced in regenerating liver. Thus 
the failure to achieve isotopic equilibrium between fruc-
tose 6-phosphate and glucose 6-phosphate via the phospho-
glucose isomerase catalyzed reaction could account for the 
b · h 1 14 c · · d · o servation tat ess -isotope is incorporate into 
C-2 of glucos~ 6-phosphate from [s- 14 c] glucose. Phospho-
glucose isomerase is known to be inhibited by both 6-
phosphogluconate and erythrose 4-phosphate and therefore 
this enzyme is a possible site of regulation in terms of 
pentose cycle activity. Alternately, the utilization of 
fructose 6-phosphate or any ·other of the intermediates of 
the pathway via other metabolic routes could act to inter-
rupt the flow of carbon through the pentose cycle. The 
incorporation of 14 c-isotope into acid insoluble cell com-
ponents (Chapter 4) indicates that there is an increase 
in glucose carbon flux into nucleic acids in regenerating 
liver. This observation implies that isolated cells from 
reg'enerating liver incubated under the conditions used for 
these experiments reflect in part the potential of these 
cells for growth. Ilowever, as discussed above, the amount 
of carbon required for nucleic acid synthesis is small 
relative to pentose pathway flux and cannot of itself 
account for the decreased pentose cycle activity in regen-
. . f 14c . . erating liver. The incorporation o -isotope into 
protein and lipid are not increased in regenerating liver 
compared to normal and therefore give no indication of the 
direction of flow of glucose carbon out of the non-
oxidative segment of the pentose pathway, i.e. if the car-
bon is not recycled to hexose 6-phosphate from pentose 
211. 
5-phosphate and is being directed into other metabolic 
pathways, no information regarding the end products of this 
redirection can be gained from the data of Chapter 4. 
In summary the results as interpreted here indicate 
that the pentose phosphate pathway flux in regenerating 
liver is nearly the same or moderately increased relative 
to normal liver but that the pentose cycle activity is 
decreased to 1/2 or 1/3 that of normal liver. The break 
in the pentose cycle could occur at one or more of the 
reactions of the non-oxidative segment of the pathway 
following the formation of heptulose 7-phosphate and triose-
phosphate by the transketolase reaction between xylulose 
5-phosphate and ribose 5-phosphate. It is not possible 
based on the data available to determine at what point or 
points in the reaction sequence of the non-oxidative seg-
ment of the pentose pathway the flow of pentose 5-phosphate 
to hexose 6-phosphate is interrupted or where the glucose 
carbon is directed. The important conclusion with respect 
to the questions posed in this tl1esis is that it does not 
appear to be necessary to increase the flow of glucose 
carbon through the pentose phospl1ate pathway to any signi-
ficant extent to accommodate the growth and replication of 
regenerating liver cells. 
8.6 The pentose phosphate cycle in hepatomas 
The activity of the pentose phosphate pathway or 
cycle in hepatomas relative to normal liver is difficult 
to assess based on the results discussed in this thesis. 
The alterations in the enzyme profile indicate an increased 
capacity for flux of carbon througl1 the oxidative segment 
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of the pathway in both Morris transplantable hepatomas 
studied. The activity of the non-oxidative segment of the 
cycle as measured by the rate of ribose 5-phosphate cata-
bolism and hexose 6-phosphate formation, however, is 
moderately greater in hepatoma 7777 and slightly decreased 
in hepatoma 5123C (Section 3.6). 
14c . . co f [ 14 J 
-isotope into 2 rom 1- C 
The incorporation of 
14 
and [6- CJ glucose also 
implies an increased oxidative segment flux in hepatoma 
5123TC, however the C-1/C-6 ratio must be interpreted with 
some caution particularly in light of the 
14 14 
of CO 2 produced from [6- CJ glucose. 
very low levels 
14 The CO 2 data 
indicates that the activity of the tricarboxylic acid cycle 
is very low in the hepatoma cells under these incubation 
conditions and the high C-1/C-6 ratio in 14 co 2 only indi-
cates that the decarboxylation of C-1 of glucose 6-phosphate 
via the oxidative segment of the pentose pathway is much 
greater (approx. 10 fold) than decarboxylation of C-3 of 
pyruvate via the tricarboxylic acid cycle and does not 
reflect the activity of the pentose cycle relative to total 
glucose metabolism. The lo,i activity of the tricarboxylic 
acid cycle implies that the hepatoma cells derive most of 
their ATP via the glycolytic pathway. The C-6/C-l ratio 
in lipid of 0 . 95 is consistent with the view that the triose 
phosphate pool is derived largely from the glycolytic 
pathway and t11erefore will be equally labelled from both 
[1- 14 cJ and [6- 14 cJ glucose. Since an estimate of net 
glucose utilization can be made with hepatoma cells, it is 
of interest to compare the rate of 14 co 2 production to the 
rate of glucose utilization. When [1- 14 cJ glucose is sub-
strate the rate of 14 co 2 productio11 was 2.08 µg atom/g/h 
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and the rate of glucose utilization 30 µmoles/g/h. Assum-
ing all 14 co 2 was formed by the oxidative segment of the 
pentose phosphate pathway, then only 6.7% of the utilized 
glucose enters the oxidative segment of the pathway. If 
the dilution of the hexose 6-phosphate pool due to re-
cycling is not considered, then roughly 2% of the utilized 
glucose is metabolized to triose phosphate and CO 2 via the 
pentose cycle by this hepatoma. Thus the contribution of 
the oxidative segment of pentose pathway to gl ucose metabo-
lism is considered to be small relative to total glucose 
metabolism. Unfortunately it is not possible to compare 
actual rates of flux of glucose metabolism via the oxi-
dative segment of the pathway in the hepatoma with rates 
found in normal liver as a consequence of the difficulties 
of measuring glucose "utilization" by normal liver cells 
(see Section 4 . 9). 
The analysis of the 14 c-isotope distribution in the 
carbon atoms of glucose 6-phosphate following the metabol-
14 14 . ism of [2- CJ and [5- CJ glucose does little to resolve 
the question of the activity of the pentose cycle in 
hepatoma cells. The distribution following [s- 14 cJ glucose 
metabolism is similar to that of normal liver and results 
in an estimate of 42.9% L-type pentose cycle. However, the 
distribution of 14 C-isotope following the metabolism of 
[2- 14 cJ glucose indicates that the L-type pentose cycle is 
not the only and may not be the most important series of 
reactions redistributing 14 c-isotope and these other 14 c-
isotope randomizing reactions will act to modify the 
estimate of the L-type pentose cycle. The results discussed 
in Section 7 . 6 indicate that numerous reactions which result 
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h f f 14c . f C 2 f in t e trans er o -isotope rom - o -- glucose are 
very active in hepatoma cells. It is not possible to make 
an accurate estimate of the activity of the L-type pentose 
cycle in the presence of this large background of 14c-
isotope randomization. Therefore, the best estimate of 
the activity of the pentose phosphate pathway in these 
cells must be that based on the 14 co 2 data which indicate 
only a small contribution of the pathway relative to total 
glucose metabolism. The proposal of Weber e t a l. (1973) 
that the flux of glucose carbon -into pentose phosphate is 
increased by both the oxidative and non-oxidative pathways 
is not supported by these results. The extensive redistri-
bution of isotope in the carbon ~toms of glucose 6-
~hosphate (Chapter 7) indicates that a large proportion of 
the pentose 5-phosphate is recycled to hexose 6-phosphate 
which implies that the direction of flux is from pentose 
to hexose in the non-oxidative segment of the pathway. 
Although there is no way of determining whether there is 
any increased net flux of glucose carbon into pentose V &a 
the oxidative segment of the . cycle, since we do not have a 
normal liver value for comparison, it is clear that the 
pentose phosphate pathway is not selectively activated in 
these cells, rather it appears that the major alteration 
of glucose metabolism in the hepatoma is concerned with the 
energy producing pathways, i.e. the glycolytic pathway and 
the tricarboxylic acid cycle. 
8.7 Retrodifferentiation, foetal liver and the pentose 
phosphate pathway 
The existence 0£ undifferentiated forms of enzymes 
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in foetal, regenerating and neoplastic liver tissues pro-
voked the speculation early in this work that perhaps the 
F~type pentose pathway mechanism represented a foetal form 
of the pathway and that retrodifferentiation might result 
in a re-expression of this pathway in regenerating and/or 
neoplastic tissues. The results of these studies do not 
support this proposal. The similarity between normal, 
foetal and regeneratin g liver and the hepatomas in terms 
of the carbon deficit following ribose 5-phosphate metabo-
lism (Chapter 3) and the capacity to utilize D-glycero-D-
ido-octulose 1,8 bisphosphate for hexose 6-phosphate 
synthesis indicate the potential operation of the L-type · 
pathway in all hepatic tissues. The case for the operation 
of the L-type reaction sequence in re generating liver and 
hepatoma 5123TC is strongly suppor te d by 
distribution following the metabolism of 
h 14c . t e -isotope 
14 [5- CJ glucose 
(Chapter 7). On the basis of this data it is tentatively 
concluded that the L-type pentose cycle mechanism operates 
in all tissues studied. 
The quantitative contribution of the pentose cycle 
in foetal liver cannot be accurately estimated based on 
the data presented here. However, th e similarity between 
) d h 14c . the enzyme activity profile (Chapter 3 an t e -isotope 
distribution data of Crockett and Leslie (1963, see Chapter 
4) with that of regenerating liver suggest a similar 
pattern of glucose metabolism in these two tissues. 
8.8 Concluding statement 
The analysis of changes 1n flux of a particular 
metabolic pathway in tissues in th e presence of alternative 
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reaction sequences utilizing the same intermediates is a 
complex and difficult task. The argument that the physio-
logical role of the pentose phosphate pathway is the 
provision of metabolic intermediates and that these inter-
mediates are used primarily for biosynthesis implies a 
relationship between the two processes but this is diffi-
cult to prove experimentally. The studies described in 
this thesis have utilized many of the experimental 
approaches which are the stock in trade of intermediary 
metabolism, however the results from each investigation 
taken individually are subject to numerous interpretations. 
It is the curse of the biochemist in intermediary metabol-
ism that experiments can rarely be designed which can 
yield unequivocal answers particularly to questions relating 
·to metabolic pathway fluxes. Rather, it is usually the 
case that a series of experiments yielding individual 
equivocal results but indicating a trend when taken collec-
tively are the basis for our understanding of intermediary 
metabolism. The conclusions reached as a result of the 
studies described here must fall into that cate gory. The 
interpretation of 14 C-isotope data in Chapter 4 highlights 
the limitations of the use of isotopes for studying metabo-
lism via the pentose phosphate pathway. The experimental 
approaches used in the remainder of the thesis and based 
on the thetiretical analysis detailed in Chapter 5 allow for 
· f 14 c · d a more meaningful interpretation o -isotope ata, 
however it is recognized that this approach too has severe 
limitations. This is best illustrated by the inability to 
interpret the quantitative participation of the L-type 
pentose cycle in hepatoma cells. 
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The central purpose of this work has been to deter-
mine if there is any relationship between cell growth and 
proliferation and the flux of carbon through the pentose 
phosphate pathway. The results indicate that there 1s no 
significant correlation between the two processes. The 
requirement for pentose 5-phosphate for nucleotide and 
nucleic acid synthesis can be adequately supplied by the 
pathway flux in normal non-growing tissue. The prov1s1on 
of reducing equivalents as NADPH was considered to be the 
most likely driving force behind a redirection of glucose 
6-phosphate into the pentose phosphate pathway. However, 
the requirement of growing tissues for NADPH is largely a 
generalization and cannot be quantitatively assessed. 
Further , the supply of NADPH . V 1,.a the pentose phosphate 
pathway may not be the important regulator in growth situ-
ations, rather the distribution of NADPH to specific 
reductive biosynthetic processes required for cell growth 
and division and away from non-essential reactions may act 
to regulate NADPH levels as required. Alternately NADPH 
production by other mechanisms such as "malic" enzyme or 
cytoplasmic transhydro genase may play an important role in 
the provision of reducing equivalents. It is clear that 
the flux of glucose carbon through the oxidative segment 
of the pentose phosphate pathway is regulated to a large 
extent by the NADP/NADPH redox couple, however it appears 
that rapid rates of cellular proliferation do not result 
1n a selective activation of the pathway 1n either normal 
or abnormal growth situations. 
APPENDIX 
A method for estimating the quantitative partici-
pation of . the L-type pentose cycle is described. The 
assumptions and limitations of this approach are the same 
as those discussed in Chapter 5 . The following presents 
tabulations of the predicted specific radioactivities of 
the carbon atoms of glucose 6-phosphate following the 
metabolism of [5- 14 cJ and [4,5,6- 14c] glucose. The latter 
analysis illustrates the predicted 14 c incorporation into 
carbon 1 of glucose 6-phosphate from C-4 and C-6 of glucose 
as discussed in Section 7.7. 
The distribution of 14 c from [5- 14 c] glucose by reactions 
of the L-type pentose phosphate cycle 
The redistribution of the carbon atoms of glucose 
by the reactions of the non-oxidative segment of the L-
type pentose phosphate cycle is shown in Fig. 5.1. It is 
significant that formation of hexose 6-phosphate by these 
reactions leads to the ordered redistribution of carbon 
atoms 4,5 and 6 of the original glucose molecule into the 
top three carbons of hexose 6-phosphate. This distribution 
is unique and distinguishes between the L-type and F-type 
mechanisms for the non-oxidative segment of the cycle. The 
estimate is based on the use of [5- 14 cJ glucose as sub-
strate and the unique relocation of 14c from position 5 
into position 2 of glucose 6-phosphate (Fig. 5.1). The 
metabolism of [5- 14 cJ glucose by the test tissue 1s then 
followed by the isolation and degradation of the glucose 
moiety of glucose 6-phosphate (Williams e t al ., 1978a). 
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The distribution of 14 c in C-2 of glucose 6-phosphate thus 
serves as a significant test of the operation of the L-type 
pentose cycle and as the measure of its relative contribu-
tion to total glucose metabolism. 
The case in which glucose is metabolized wholly by 
the L-type pentose cycle will be considered first. In the 
following analysis it will be assumed that isotopic equili-
brium exists between glucose 6-phospl1ate and fructose 6-
phosphate and also between dihydroxyacetone phosphate and 
glyceraldehyde 3-phosphate. The net conversion to be con-
sidered is shown in Reaction I (see Fig. 5 .1). 
lC 6C 4C=O 
I I I 
2C SC=O 2C 
I I I 2C 
3C 3C 3C I 
3 I \ 3 ( 1) co 2 + I + I + 3C (I) 4C 4C 4C I 
I I I 2C 
SC SC SC 
I I I 
6C 6C 6C 
3 Glc 6-P -+ 3C0 2 + Fru 6-P + Glc 6-P + Grn-P 
The redistribution of carbon 5 into position 2 of 
fructose 6-phosphate originates from the aldolase condensa-
tion (Reaction H, Fig. 5.1) of arabinose 5-phosphate Hith 
the dihydroxyacetone phosphate which is formed in Reactions 
F and G catalyzed by transketolase and triose phosphate 
isomerase respectively. If the specific radioactivity of 
carbon 5 of glucose is defined as 100, then the specific 
radioactivity of position 2 of hexose 6-phosphate formed 
at the end of one turn of the cycle is 50. If the glucose 
6-phosphate is passed through the cycle a second time, the 
specific radioactivity of position 2 becomes 75. The 
' , 1 t , t , r I , t t I • I I I I t • 1 ' f r ~ 1 1. I ,~ l ! . I I 1 , ' l I ) t Ji p j 
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changes in specific radioactivity of position 2 of hexose 
6-phosphate which will occur during the third, fourth , 
fifth and subsequent cycles may be calcul·ated and are shown 
under Column B of Table 1. 
It is theoretically possible to determine the 
d · · b · f 14c · 1 b f h average istri ution o in t e car on atoms o exose 
6-phosphate at steady state from the following values 
listed in Table 1. The first value expresses the concen-
. f 14 c · h · b h f tration o int e various car on atoms at eac turn o 
the cycle and is shown in Column B of Table 1. The second 
value represents the amount of each 14C-labelled species 
of hexose 6-phosphate in the pool which has undergone zero., 
one, two or more cycles. These latter values are shown in 
Column A of Table 1 and have been calculated using the 
procedure which is now described. 
The metabolism of glucose 6-phosphate by the L-type 
pentose phosphate cycle is accomplished via an oxidative 
and a non-oxidative series of reactions as shown in 
Reactions II and III. 
Oxidative reactions 
+ + 3 Glucose 6-P + 6 NADP ~ 3C02 + 3 Pentose 5-P + 6 NADPH + 61-! (II) 
Non-oxidative reactions 
3 Pentose 5-P ~ glucose 6-P + fructose 6-P + dihydroxyacetone-P (III) 
Eq uilibration by phosphoglucoseisomerase 
Glucose 6-P + fructose 6-P ~ 2 glucose 6-P (IV) 
Following the equilibration of the glucose 6-
phosphate and fructose 6-phosphate formed (Reaction IV), 
the sum reaction for the cycle is shown in Reaction I. 
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T a b l e  1 :  
T h e  r e d i s t r i b u t i o n  o f  
1 4
c  f r o m  [ 5 -
1 4
c ]  g l u c o s e  i n t o  g l u c o s e  6 - p h o s p h a t e  . w h e n  a l l  g l u c o s e  i s  m e t a b o l i z e d  
b y  t h e  L - t y p e  p e n t o s e  c y c l e  
F r a c t i o n  o f  h e x o s e  6 -
.  f  
1 4  
.  h  6  
R e l a t i v e  s p e c i f i c  r a d i o a c t i v i t y  o f  
C o n c e n t r a t i o n  o  C  i n  e x o s e  -
p h o s p h a t e  i n  i n d i c a t e d  c y c l e  
p h o s p h a t e  o f  i n d i c a t e d  c y c l e  
N u m b e r  o f  
C - 2  a n d  C - 5  o f  h e x o s e  6 - p h o s p h a t e  
B  
C  
( A  x  B )  
c y c l e s  
A  
C - 2  
C - 5  
C - 2  
C - 5  
0  
0 . 3 3 3  
0  
1 0 0  
0  
3 3 . 3 3 3  
1  
2 / 3  
X  1 /  3  =  0  .  2  2  2  2  
5 0 . 0 0 0  
1 0 0  
1 1 . 1 1 0  
2 2 . 2 2 2  
2  
( 2 / 3 )
2  
X  1 / 3  =  0 . 1 4 8 ?  
7 5 . 0 0 0  
1 0 0  
1 1 . 1 1 5  
1 4 . 8 2 0  
3  
( 2 / 3 )
3  
X  1 / 3  =  0 . 0 9 8 8  
8 7 . 5 0 0  
1 0 0  
8 . 6 4 5  
9 . 8 8 0  
4  (  2 /  3 )  
4  
X  1 / 3  =  0 . 0 6 5 8  
9 3 . 7 5 0  
1 0 0  
6 . 1 6 8  
6 . 5 8 0  
5  
(  2 /  3 )  
5  
X  1 / 3  =  0 . 0 4 3 9  
9 6 . 8 7 0  
1 0 0  
4 . 2 5 3  
4 . 3 9 0  
6  ( 2 / 3 )
6  
X  1 / 3  =  0 . 0 2 9 3  
9 8 . 4 3 0  
1 0 0  
2 . 8 8 4  
2 . 9 3 0  
7  
( 2 / 3 )  
7  
X  1 / 3  =  0 . 0 1 9 8  
9 9 . 2 1 0  
1 0 0  
1 . 9 6 4  
1 . 9 8 0  
8  
( 2 / 3 )  
8  
X  1 / 3  =  0 .  0 1 2 9  
9 9 . 6 0 0  
1 0 0  
1 . 2 8 5  
1 . 2 9 0  
9  ( 2 / 3 )
9  
X  1 / 3  =  0 . 0 0 8 6  
9 9 . 7 9 0  
1 0 0  
0 . 8 5 8  
0 . 8 6 0  
1 0  ( 2 / 3 ) l O  X  1 / 3  =  0 . 0 0 5 8  
9 9 . 8 9 0  
1 0 0  
0 . 5 7 7  
0 . 5 7 8  
I  
S t e a d y  s t a t e  t o t a l  r e l a t i v e  s p e c i f i c  a c t i v i t y =  4 9 . 9 9 9  
1 0 0 . 0 0 5  
C a l c u l a t i o n s  s h o w  t h e  d i s t r i b u t i o n s  o f  
1 4
c - i s o t o p e  i n t o  c a r b o n  2  a n d  c a r b o n  5  o f  h e x o s e  6 - p h o s p h a t e  a t  
s t e a d y  s t a t e ,  w h e n  [ 5 -
1 4
c ]  g l u c o s e  i s  t h e  s u b s t r a t e  a n d  g l u c o s e  m e t a b o l i s m  o c c u r s  s o l e l y  b y  t h e  p e n t o s e  c y c l e .  T h e  
r e l a t i v e  s p e c i f i c  r a d i o a c t i v i t y  o f  c a r b o n  5  o f  g l u c o s e  i s  d e f i n e d  a s  1 .  
Thus , like the F-type cycle, 3 molecules of glucose 6-
phosphate are required to enter the cycle for every mole-
cule of glucose 6-phosphate metabolized to CO 2 and triose 
phosphate . This stoichieometry indicates that at steady 
state 1/3 of the hexose 6-phosphate of the pool would con-
tinually be converted to triose phosphate and CO 2 and 
would be replenished by the phosphorylation of glucose. 
Therefore 1/3 of the hexose 6-phosphate pool will have 
undergone zero cycles and 2/3 will have undergone one or 
more cycles . Thus 1/3 of the pool is shown in Column A of 
Table 1 for zero · cycle. When this amount passes through 
the cycle , 2/3 of it will remain as hexose 6-phosphate, the 
remainder will have been converted to triose phosphate and 
CO 2 . Thus 1/3 of 2/3 is the fraction which has undergone 
1 cycle . Similarly, the fraction which has undergone two, 
three, four or more cycles may be calculated. 
The contribution of 14 c from each species of hexose 
6-phosphate in the pool is shown in Column C of Table 1 
when [s- 14 cJ glucose is metabolized. The values 1n Column 
b d b . . J . f 14c . C were o taine y mult1ply1ng t1e concentration o- 1n 
each species (Column B) by the amount of that species in 
the pool (Column A). The sum of these values gives th e 
average concentration of 14c in carbon atoms 2 and 5 of 
hexose 6-phosphate of the pool at steady state when all 
glucose is metabolized entirely by the L-type pentose cycle. 
The ratio of the relative specific radioactivities of car-
bon 2 to carbon 5 is shown to be 0.50 when all glucose is 
metabolized vi a the L-type pentose cycle. 
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The distribution of 14c in hexose 6-phosphate when 
metabolism occurs by the L-type pentose cycle and other 
d~ssimilating pathways 
It has been assumed in the above treatment that the 
inflowing glucose is specifically labelled in carbon 5, 
that it has a specific radioactivity of 100, and that the 
influx of glucose is exactly equal to the outflow of 
glucose 6-phosphate by way of oxidation to CO 2 and triose 
phosphate by the pentose cycle of Fig. 5.1 and Reaction I. 
Under conditions where g lucose is converted to glycogen 
etc . and/or when glycolysis contributes to metabolism, then 
the outflow and replacement of hexose 6-phosphate is 
greater and the degree of 14c distribution is modi .fied. 
The effects of glucose metabolism by these alternate path-
ways on the estimation of the contribution of the L-type 
pentose cycle are now considered. 
When the utilization of gl ucose proceeds 20% by the 
L-type pentose cycle and 80% by other pathways, the frac-
tion of total hexose 6-phosphate in the pool which has 
undergone 1 or more cycles is 0.286. This is so because a 
2 0 % u t i 1 i z a ·t i on o f g 1 u cos e by the c y c 1 e re qui re s 6 0 mo 1 e -
cules of glucose to be metabolized in the cycle yielding 
60 molecules of CO 2 , 20 molecules of dihydroxyacetone 
phosphate and 40 molecules of hexose 6-phosphate (Fig. Al) . 
At steady state 100 parts of hexose 6-phosphate will arise 
fiom [5- 14 c] glucose and will be labelled with 14 c 
exclusively in carbon 5, while 40 parts will be regenerated 
14 · b d" .b d . via the cycle and C-isotope will ere istri ute into 
carbon 2 . The fraction of the pool which has undergone 
zero cycles is 100/140 or 0. 714 anJ the fraction which has 
' ' ' • ' ', 1 I ' , 1 • r I t • , • t ' j , •; 1 t' t ~. I i I : 1 1 1 I • I 1 I l 1 • 1 I • t I! I • •', f O l ._ f ,•t l ~ 1 ! 1 f 'l l \ 1 1 I ' I ' ( I I I} l : / ' I 1 
Fig A 1 
Glucose 
100 
HEXOSE 6-PHOSPHATE POOL 
l 
Glucose 6-phosphate 60 
140 Pentose phosphate Cycle 
Fructose 6-phosphate -~--------
40 
80 
Non-triose Pathway E.M. Pathway 
20 Glyceraldehyde 3-phosphate 
60 CO2 
l 
Triose phosphate 20 % of glucose utilisation 
80 % of glucose utilisation 
Fig. A.l: Glucose 6-phosphate metabolism when 20 % occurs 
via the pentose phosphate cycle 
The flow of hexose 6-phosphate carbon from the 
hexose 6-phosphate pool when metabolism is 20 % v ia the pen-
tose phosphate cycle and 80 % v ia other pathways is shown. 
The net flux of glucose metabolism is assumed to be 100. 
Under these conditions the steady state hexose 6-phosphate 
pool size is 140. 
gone through one or more cycles is 40/140 or 0/286 (see 
above) . Of the cycled fraction, 0.286 of 0.714 has been 
cycled twice etc. In order to calculate the total contri-
bution of carbon 5 of glucose to positions 5 and 2 of 
hexose 6-phosphate, it is necessary to multiply the 
fraction of the total pool contributed by each cycle with 
h d · · f 14c · h b t e correspon ing concentration o· in eac la elled 
species of hexose 6-phosphate and then sum the activity 
from zero to infinite cycles. A sample calculation for 7 
cycles at 20% pentose cycle activity is shown in Table 2. 
The data of Table 2 show that for a 20% pentose cycle con-
tribution to glucose metabolism, 99% of the hexose 6-
phosphate passes out of the pool without experiencing more 
than 4 cycles. Similar calculations may be performed for 
any percentage of L-type pentose cycle. Table 3 shows a 
summary of the ratios of the relative specific radio-
activities of positions 2 and 5 of hexose 6-phosphate for 
various percentage contributions of the L-type cycle. 
These values are plotted in Fig. A2. The line generated 
by the plot of data from Table 3 is approximated by the 
equation: 
& PC= 278.2 (C-2/C-5) 2 + 55.9 (C-2/C-5) + 1.4 
The error of the equation is approximately 1.5 % and is con-
tributed when values of less than 20 % L-type pentose cycle 
are measured. The error decreases to zero for pentose 
cycle values greater than 20 %. 
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T a b l e  2 :  
.  .  .  1 4  1 4  .  .  
T h e  r e d i s t r i b u t i o n  o f  C  f r o m  [ 5 - c ]  g l u c o s e  i n t o  g l u c o s e  6 - p h o s p h a t e  w h e n  2 0 %  o f  g l u c o s e  m e t a b o l i s m  
o c c u r s  b y  t h e  L - t y p e  p e n t o s e  c y c l e  
F r a c t i o n  o f  h e x o s e  6 -
.  f  1 4  .  h  
R e l a t i v e  s p e c i f i c  r a d i o a c t i v i t y  o f  
C o n c e n t r a t i o n  o  C  i n  e x o s e  6 -
N u m b e r  o f  
p h o s p h a t e  i n  i n d i c a t e d  c y c l e  
p h o s p h a t e  o f  i n d i c a t e d  c y c l e  
C - 2  a n d  C - 5  o f  h e x o s e  6 - p h o s p h a t e  
B  
C  
( A  x  B )  
c y c l e s  
A  
C - 2  
C - 5  
C - 2  
C - 5  
0  
0  
( 0 . 2 8 6 )  X  0 . 7 1 4  =  0 . 7 1 4 0  
0  
1 0 0  
0  
7 1 . 4 0 0  
1  
1  
( 0 . 2 8 6 )  X  0 . 7 1 4  =  0 . 2 0 4 0  
5 0  
1 0 0  
1 0 . 2 0 0  
2 0 . 4 0 0  
2  
7 5  
1 0 0  
4 . 3 7 2  
5 . 8 3 0  
2  
( 0 . 2 8 6 )  X  0 . 7 1 4  =  0 . 0 5 8 3  
3  
3  
( 0 . 2 8 6 )  X  0 . 7 1 4  =  0 . 0 1 6 7  
8 7 . 5  
1 0 0  
1 . 4 6 1  
1 . 6 7 0  
4  
9 3 . 7 5  
1 0 0  
0 . 4 8 0  
4  
( 0 . 2 8 6 )  X  0 . 7 1 4  =  0 . 0 0 4 8  
0 . 4 5 0  
5  
5  
( 0 . 2 8 6 )  X  0 . 7 1 4  =  0 . 0 0 1 3  
9 6 . 8 7  
1 0 0  
0 . 1 2 6  
0 . 1 3 0  
6  
9 8 . 4 3  
1 0 0  
0 . 0 4 0  
0 . 0 4 0  
6  
( 0 . 2 8 6 )  X  0 . 7 1 4  =  0 . 0 0 0 4  
7  
1 0 0  
0 . 0 1 0  
0 . 0 1 0  
7  
( 0 . 2 8 6 )  X  0 . 7 1 4  =  0 . 0 0 0 1  
9 9 . 2 1  
S t e a d y  s t a t e  t o t a l  
r e l a t i v e  a c t i v i t y  
1 6 . 6 5 9  
9 9 . 9 6 0  
C a l c u l a t i o n s  s h o w  t h e  d i s t r i b u t i o n s  o f  
1 4
c - i s o t o p e  i n t o  c a r b o n  2  a n d  c a r b o n  5  o f  h e x o s e  6 - p h o s p h a t e  a t  
s t e a d y  s t a t e  w h e n  [ s -
1 4
c ]  g l u c o s e  i s  t h e  s u b s t r a t e  a n d  2 0 %  o f  g l u c o s e  i s  m e t a b o l i z e d  b y  t h e  p e n t o s e  c y c l e  a n d  8 0 %  
b y  a l l  o t h e r  p a t h w a y s .  T h e  r e l a t i v e  s p e c i f i c  r a d i o a c t i v i t y  o f  c a r b o n  5  o f  [ s -
1 4
c ]  g l u c o s e  i s  t a k e n  t o  b e  1 0 0 .  
Table 3: Percentage L-type pentose cycle as a function 
of the specific ratios of radioactivity in 
glucose 6-phosphate following the metabolism of 
[s- 14 cJ glucose 
Percentage Ratio of C-2/C-5 i~ hexose 
pentose cycle 6-phosphate from [5- c] glucose 
0 0 
10 0.091 
20 0. 167 
30 0.231 
40 0.289 
50 0.332 
60 0.374 
70 0.410 
80 0.443 
90 0.469 
100 0.500 
The table shows the various percentage values 
for the L-type pentose cycle and their relation to the C-2/ · 
C 5 · f 14 c d. · · · 1 6 1 h t - ratios o ra ioactiv1ty in g ucose -p osp a e 
following the metaboJjsm by the test tissue of [s- 14 cJ 
glucose . 
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Fig. A.2: The percentage contribution of the L-type 
pentose cycle expressed as a function of 
C-2/C-5 ratios in glucose 6-phosphate 
The plot shows the percentage of total glucose 
metabolism via the pentose cycle as a function of the 
theoretical values for the ratio of the relative specific 
radioactivities of carbon 2 to carbon 5 of hexose 6-phosphate 
when [s- 14cJ glucose is metabolized by the L-type pentose 
cycle. 
The curve is approxin1ated by an equation of the 
form y = Ax 2 +Bx+ C (see text for discussion) . 
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Table 4 shows the contribution of C-6 and C-4 of 
glucose to position 1 of glucose 6-phosphate when 20 % of 
glucose is metabolized by the L-type pentose cycle. The 
table shows that the C-1/C-6 or C-1/C-4 ratio is 0.14, 
compared to a C-2/C-5 ratio of 0.17 (Table 2). Thus, when 
[4,5,6- 14 cJ glucose is substrate, the ratio of specific 
radioactivity in C-1 to C-2 should be: 0.14 x 2/0.17 = 
1.65 assuming the initial specific radioactivity of carbons 
4,5 and 6 to be equal. As discussed in Section 7. 7 this 
predicted accumulation of isotope is not observed. 
T a b l e  4 :  
d
.  .  .  f  1 4  f  
T h e  r e  i s t r i b u t i o n  o  C  r o m  
4  
1 4  
- C  
o r  
1 4  
6 - C  
g l u c o s e  i n t o  g l u c o s e  6 - p h o s p h a t e  w h e n  2 0 %  o f  g l u c o s e  
m e t a b o l i s m  o c c u r s  b y  t h e  L - t y p e  p e n t o s e  c y c l e  
F r a c t i o n  o f  h e x o s e  6 -
.  1 4  .  
R e l a t i v e  s p e c i f i c  r a d i o a c t i v i t y  o f  
C o n c e n t r a t i o n  o f  C  i n  h e x o s e  6 -
N u m b e r  o f  
p h o s p h a t e  i n  i n d i c a t e d  c y c l e  
p h o s p h a t e  o f  i n d i c a t e d  c y c l e  
C - 2  a n d  C - 5  o f  h e x o s e  6 - p h o s p h a t e  
B  
C  ( A  x  B )  
c y c l e s  
A  
C - 1  
C - 6  o r  C - 4  
C - 2  
C - 5  
0  
0  
1 0 0  
0  
( 0 . 2 8 6 )  X  0 . 7 1 4  =  0 . 7 1 4 0  
0  
7 1 . 4 0 0  
1  
5 0  
1 0 0  
1 0 . 2 0 0  
1  
( 0 . 2 8 6 )  X  0 . 7 1 4  =  0 . 2 0 4 0  
2 0 . 4 0 0  
2  
5 0  
1 0 0  
2  
( 0 . 2 8 6 )  X  0 . 7 1 4  =  0 . 0 5 8 3  
2 . 9 1 5  
5 . 8 3 0  
3  
s o  
1 0 0  
0 . 8 3 5  
3  
( 0 . 2 8 6 )  X  0 . 7 1 4  =  0 . 0 1 6 7  
1 . 6 7 0  
4  
5 0  
1 0 0  
0 . 2 4 0  
4  
( 0 . 2 8 6 )  X  0 .  7 1 4  =  0 . 0 0 4 8  
0  . 4 8 0  
5  
5 0  
1 0 0  
5  
( 0 . 2 8 6 )  X  0 . 7 1 4  =  0 . 0 0 1 3  
0 . 0 6 5  
0 . 1 3 0  
6  
5 0  
1 0 0  
6  
( 0 . 2 8 6 )  X  0 . 7 1 4  =  0 . 0 0 0 4  
0 . 0 2 0  
0 . 0 4 0  
7  
5 0  
1 0 0  
0 . 0 0 5  
0 .  0 1 0  
7  
( 0 . 2 8 6 )  X  0 . 7 1 4  =  0 . 0 0 0 1  
S t e a d y  s t a t e  t o t a l  
r e l a t i v e  a c t i v i t y  
1 4 . 2 8 0  
9 9 . 9 6 0  
C a l c u l a t i o n s  s h o w  
1 4  
t h e  d i s t r i b u t i o n s  o f  C - i s o t o p e  i n t o  c a r b o n  1  a n d  c a r b o n  6  o r  4  o f  h e x o s e  6 - p h o s p h a t e  
a t  s t e a d y  s t a t e  w h e n  
1 4  
[ 6 - C ]  
o r  [ 4 -
1 4
c ]  g l u c o s e  i s  t h e  s u b s t r a t e  a n d  2 0 %  o f  g l u c o s e  i s  m e t a b o l i z e d  b y  t h e  p e n t o s e  
c y c l e  a n d  8 0 %  b y  a l l  o t h e r  p a t h w a y s .  
T h e  r e l a t i v e  s p e c i f i c  r a d i o a c t i v i t y  o f  c a r b o n  6  o r  4  o f  [ 6 -
1 4
c J  o r  [ 4 -
1 4
c ]  
g l u c o s e  i s  t a k e n  t o  b e  1 0 0 .  
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